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Nanocompósitos híbridos orgânico-inorgânicos (O-I) constituídos de policaprolactona 
(PCL) e poli(etileno glicol) (PEG), reticulados por estruturas de silsesquioxano sintetizadas in situ e 
na ausência de solventes são o objeto de estudo da presente tese. Esses materiais são inéditos e 
promissores para o desenvolvimento de dispositivos de regeneração óssea, liberação controlada de 
drogas e até mesmo enxertos de pele. Além disso, apresentam uma complexa nanoestrutura que é 
devida à ocorrência simultânea de três processos distintos: formação das estruturas de 
silsesquioxano, segregação de fases e cristalização do(s) polímero(s) orgânico(s). Neste trabalho, 
microscopia eletrônica de transmissão (TEM), associada à espectroscopia de perda de energia de 
elétrons (EELS), foi utilizada para investigar a morfologia dos híbridos O-I, assim como determinar a 
distribuição de estruturas de silsesquioxano em sua matriz. A correlação avançada de TEM com 
técnicas de espalhamento de raios X (SAXS/WAXS) permitiu obter informações quantitativas e 
modelos confiáveis para explicar a morfologia global e a nanoestrutura dos nanocompósitos 
híbridos O-I amorfos e semicristalinos. Nanocompósitos híbridos O-I amorfos apresentaram 
morfologia similar à de qualquer polímero amorfo: denso e sem características observáveis. Já em 
sua nanoestrutura, nanocompósitos híbridos O-I amorfos mostraram nanopartículas esféricas, 
atribuídas às cadeias randômicas de polissilsesquioxano (maior massa molar), uniformemente 
dispersas numa matriz do tipo gel, a qual é formada por cadeias de PCL e/ou PEG reticuladas 
aleatoriamente por estruturas poliédricas de silsesquioxano do tipo gaiola (menor massa molar). 
Nesse caso PCL/PEG mostraram-se indistinguíveis e potencialmente miscíveis. Por outro lado, 
nanocompósitos híbridos O-I semicristalinos apresentaram separação macroscópica das fases PCL e 
PEG, apesar de ambas mostrarem-se efetivamente reticuladas. Em termos de sua morfologia, 
híbridos O-I semicristalinos apresentaram morfologia esferulítica similar a qualquer homopolímero 
semicristalino. Já em sua nanoestrutura, híbridos O-I semicristalinos apresentaram nanopartículas 
de polissilsesquioxano, localizadas nas regiões amorfas interesferulíticas e interfibrilares, e 
domínios ordenados do tipo gel, reticulados por estruturas de silesesquioxano, localizados na região 
interlamelar. Em conclusão, neste trabalho foram obtidas informações relevantes sobre a 
morfologia e nanoestrutura de nanocompósitos híbridos O-I multicomponentes que poderão 







Solvent-free organic-inorganic (O-I) hybrid nanocomposites made up of 
polycaprolactone (PCL) and poly(ethylene glycol) (PEG) and cross-linked by in situ generated 
silsesquioxane structures are the subject of study of the present thesis. These materials are 
previously unreported and are promising new skin grafts, bone regeneration devices, or even drug 
delivery devices. Moreover, these materials show a complex morphology and nanostructure due to 
the occurrence of three competing processes: silsesquioxane formation, phase segregation and the 
organic polymer(s) crystallization. In this work, transmission electron microscopy (TEM), associated 
with the electron energy-loss spectroscopy (EELS), was used to investigate the O-I hybrid 
morphology as well as to determine the silsesquioxane distribution within the overall 
nanostructure. The advanced correlation of TEM with synchrotron X-ray scattering techniques 
(SAXS/WAXS) led to quantitative information and reliable models to explain the overall morphology 
and nanostructure of both amorphous and semicrystalline O-I hybrid nanocomposites. Amorphous 
O-I hybrid nanocomposite morphology is similar to any other amorphous polymer: dense and 
without distinct observable features. Amorphous O-I hybrid nanocomposites, at their 
nanostructure, showed spherical nanoparticles, related to random polysilsesquioxane chains (high 
molecular weight), uniformly distributed throughout a homogeneous cross-linked gel-like matrix, 
made up of PCL and PEG chains randomly cross-linked by polyhedral silsesquioxane cages (low 
molecular weight). In this case, PCL and PEG were undistinguishable and potentially miscible. 
Conversely, semicrystalline O-I hybrid nanocomposites showed macroscopic PCL/PEG phase 
segregation, irrespective of the fact that both phases were effectively cross-linked. In terms of 
morphology, semicrystalline O-I hybrids showed a spherulitic morphology similar to the one 
reported for conventional semicrystalline homopolymers. In terms of nanostructure, semicrystalline 
O-I hybrids also showed polysilsesquioxane nanoparticles, mainly located in the interfibrillar and 
interspherulitic amorphous regions, and also organized gel-like domains cross-linked by 
silsesquioxane, mainly distributed in between the interlamellar amorphous regions. Ultimately, 
these results provided important insights into the morphology and nanostructure of these complex 
multicomponent O-I hybrids, contributing to the development of functional biomedical devices with 
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T3 Silicon atom with three Si-O-Si bonds (see Figure 8) 
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Tg Glass transition temperature 
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TEM Transmission Electron Microscopy (see section 1.3) 
TGA Thermogravimetric Analysis (see section 3.3.6) 
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VLM Visible Light Microscopy 
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Biomaterials science comprises the development and application of all sorts of natural-
and/or synthetic-based materials within a biological context. It is a highly multidisciplinary and 
application driven field of research which encompasses: the development of new materials; the 
development of new preparation methods for well-known materials; as well as the comprehension 
and tailoring of device-tissue interactions 1. Up to now, the high specificity of each biological tissue 
or organism drove most of the research in this field to concentrate their efforts on the development 
of biomedical devices designed specifically towards a tissue and/or lesion. Therefore, research 
papers that do not propose an application for a fully built device are sparse. On the one hand, most 
of them include biological testing, either in vivo or in vitro, aiming to investigate the device 
cytotoxicity, biocompatibility and bioactivity. On the other hand, the physical-chemical aspects of 
the material itself, as well as their effect on the device-tissue interactions, are frequently 
overlooked. 
Biomedical devices might be either intended for tissue repair or substitution. Devices 
designed to substitute a specific tissue or organ are expected to be durable and mechanically 
compatible with the surroundings. Conversely, devices envisaged for tissue regeneration are 
expected to be biodegradable, in order to avoid a second surgery to implant removal, after tissue 
regeneration has occurred 2. Nevertheless, biodegradation gives rise to a number of new aspects to 
be considered in the scaffold design, since the material evolution over time must be monitored 3. In 
particular, care should be taken to prevent toxic species production and liberation during 
degradation, as well as the premature loss of mechanical properties. 
In both cases, even though the toxicity might be tolerated at different levels from tissue 
to tissue, it is invariably the limiting factor for the biomedical application of any sort of material 1. 
Moreover, device-tissue integration is key, since it prevents inflammatory responses, necrosis and 
implant rejection. Implant-tissue integration is a science of its own, since the parameters affecting 
it are particular for each tissue or organ. However, generally speaking, implant-tissue integration is 
based on cell adhesion and body fluid permeation. Cell adhesion is dependent on surface properties 
and composition, while body fluid permeation is dependent on bulk physical-chemical properties 
and device architecture. Surface properties that are relevant to cell adhesion encompass roughness, 




that affect body fluid permeation, the hydrophilic character and permeability are the most 
significant. Finally, in terms of architecture, porosity and morphology need to be considered 5.  
Figure 1 schematically shows the relationship between time-scale and length-scale of 
the processes involved in implant-tissue integration. As can be verified, these processes are 
dependent on features present at all length-scales. For example, the topography of the device, 
which is a macroscopic feature, may impair implant-tissue integration due to geometric difficulties 
to cell adhesion. In the opposite direction, local compositional changes, which are a submicrometric 
feature, may also impair cell adhesion due to the lack of binding sites to the signalling proteins. 
Moreover, the device-tissue integration chain of events starts from processes at the nanometric 
length-scale and escalates to macroscopic events. Therefore, ultimately it is the device’s micro and 
nanostructure that governs device-tissue integration, since it rules all the molecular phenomena 
involved. 
 
At first glance, one might expect that, in order to achieve successful implant-tissue 
integration, a compositionally uniform device, at all length-scales, would be desired. However, that 
is not entirely true. Heterogeneities at the micrometric and nanometric length-scales might in fact 
be beneficial. In particular, devices that present balanced hydrophilic and hydrophobic moieties 
shows synergistic properties which have the great advantage of promoting implant-tissue 
integration 7,8: the hydrophilic moieties allow body fluid permeation while the hydrophobic moieties 
promote the signalling protein adsorption, increasing cell attachment rate 9,10. For that reason, an 
Figure 1 -  Time- and length-scales of the biological processes involved in implant-tissue integration.  




increasing number of studies concentrates on the production of multicomponent devices 11–14. To 
do so, polymeric matrices are the most widely explored, due to ease of processing and to a variety 
of biocompatible polymers available, most of which are hydrophobic.  
In this context, devices that combine poly(ɛ-caprolactone) (PCL) and poly(ethylene 
glycol) (PEG) in the form of blends, copolymers or crosslinked materials, are probably the most 
widely studied in the biomedical field. Nevertheless, the nanostructural details of these 
combinations are not fully understood yet, due to their complexity as well as to difficulties involved 
in the detailed characterization of soft materials. Herein, biomedical devices combining PCL and PEG 
were prepared by cross-linking the organic polymers with in situ generated silsesquioxane 
structures. Silsesquioxanes were chosen as cross-linkers due to the recently demonstrated fact that 
Si compounds are beneficial to a number of biological processes. Nevertheless, the biological 
characterization of the novel materials developed herein, in order to access their potential as skin 
grafts, is outside the scope of this thesis. The present thesis concentrates instead on comprehending 
the morphology and nanostructure of these biomedically relevant organic-inorganic hybrid 
nanocomposites at the micron to Angstrom length-scale range.  
1.1. POLYCAPROLACTONE AND POLY(ETHYLENE GLYCOL)  
Poly(ɛ-caprolactone) (PCL) and poly(ethylene glycol) (PEG or PEO) are  linear, 
semicrystalline and biocompatible synthetic polymers which are widely explored in the field of 
biomaterials science. PCL is widely used for the production of bone regeneration and tissue 
engineering devices due to its biodegradability and mechanical strength. PEG, on the other hand, is 
widely explored for the production of hydrogels for diverse application. PCL and PEG combinations 
(blends and copolymers) are broadly studied for the production of drug delivery systems, 
biodegradable devices and hydrogels1. 
PCL may be synthesised either through the (6-hydroxyhexanoic) acid polycondensation 
or through the ε-caprolactone ring-opening polymerization. Both monomers are by-products of the 
cyclohexanol conversion into adipic acid and, therefore, are readily available. On the one hand, 
polycondensation occurs under enzymatic catalysis and mild heating. On the other hand, ring 
opening polymerization occurs under metal-based catalysis and higher temperatures. Even though 
polycondensation has significant limitations in molar mass control, it is still the most widely 




preferred route for bench scale synthesis, due to the possibility of achieving higher molecular 
heights (Mw) with a narrower molar mass distribution (Mw/Mn) 15. Figure 2 (top) shows  
the ε-caprolactone and the PCL chemical structures. Tin 2-ethyl hexanoate (Sn(Oct)2) is the most 
widely employed metal-based catalyst for the synthesis of poly(α-hydroxy acids), such as PCL, via 
ring opening polymerization. However, Sn(Oct)2 is toxic. Therefore, recently several studies have 
been focusing on Sn(Oct)2 substitution by using less toxic catalysts, such as zinc-based or calcium-
based catalysts 16,17.  
 
Figure 2 (bottom) also shows ethylene oxide and PEG chemical structures. Typically, the 
term poly(ethylene glycol), or PEG, is used when Mw is lower than 20 000 g mol-1, while the term 
poly(ethylene oxide), or PEO, is used when Mw is higher than 20 000 g mol-1. PEG or PEO industrial 
synthesis occurs through the alkali-catalysed ring opening polymerization of the ethylene oxide 
monomer in the presence of ethylene glycol. Reports on the bench-scale syntheses are rare, which 
is attributed to the infrastructural difficulties involved in manipulating the gaseous monomer and 
the extreme exothermic reaction. PEG is not only cheap but also commercially available in a wide 
Mw range. Typically PEG chain ends are hydroxyl groups. Nevertheless, nowadays PEG is also 
commercially available, though at a much higher price, in distinct architectures and with various 
other terminal groups, due to its popularity in the biomedical field 18.  
While PEG is a polyether with a C2H4O minimal formula, PCL is a polyester with a C3H5O 
minimal formula. Their distinct functional groups lead to discrete Hansen solubility parameters: 
𝛿𝐷𝑃𝐻 = 16.1 for PCL and 𝛿𝐷𝑃𝐻 = 24.0 for PEG; which is the reason why they are immiscible. In both 
PCL and PEG the 𝛿𝐷 value, which accounts for the dispersive contribution (van der Waals), is the 
Figure 2 - Representation of poly(ε-caprolactone) (top) and poly(ethylene glycol) (bottom) syntheses by 




major component of the Hansen parameter. However, in PCL the 𝛿𝑃 value, which accounts for the 
polar contribution, and the 𝛿𝐻 value, which accounts for the hydrophilic contribution, are minimal. 
Therefore, while PCL is hydrophobic, PEG is hydrophilic 19. At first glance, one might argue that ester 
bonds are more polar than ether bonds and, therefore, PCL is expected to be the most hydrophilic 
component. However, the inductive effect caused by the five methylenic units in between ester 
bonds (Figure 2) make PCL highly hydrophobic, while PEG remains hydrophilic 20.  
In biomedical applications, synthetic polymers have the advantage of availability and 
controlled architecture, due to the reproducible synthetic methods that allow Mw and Mw/Mn 
tailoring and control. Nevertheless, synthetic polymers frequently present biocompatibility issues 
or even toxicity, due to residuals generated during synthesis. PCL is biodegradable, while PEG is 
soluble in water 21,22. PCL biodegrades through surface hydrolysis, since water molecules promote 
the ester-bond cleavage, generating atoxic carboxylic acids or diacids, which are absorbed and 
excreted naturally 3. In contrast, upon implantation, low Mw PEG may be lixiviated and excreted in 
urine. High Mw PEG is seldom lixiviated due to the elevated degree of crystallinity 1. As a 
consequence, PCL and PEG combination is largely attractive 23,24 and has already been reported in 
the form of hydrogels 25,26, blends 23,27 and/or copolymers 8,28–31, aiming towards both biodegradable 
and non-degradable devices. Tailoring the polymer architecture, the nanostructure and the 
macroscopic morphology are key aspects in determining device performance and degradability 
upon implantation 32,33.  
Device performance is greatly affected by the processing method. In particular, melt-
processing methods such as extrusion 22,36 are preferred due to the PCL/PEG similar thermal 
properties, as well as the method’s low cost and low toxicity, which in turn is due to the absence of 
solvent. However, device manufacturing is not the only aspect to be considered when tailored 
morphology and nanostructure are intended. In fact, the type of polymer mixture (i.e. blends or 
copolymers) as well as the competition between crystallization and phase separation are key. The 
type of polymer mixture exerts significant influence over the extent of phase separation as well as 
domain sizes 23. As a rule, in both blends and copolymers, the higher the components Mw, the higher 
the thermodynamic driving force for phase separation. However, it is mostly the type of mixture, 
rather than the driving force for phase separation, that dictates domain sizes. Usually blends show 




block copolymers frequently show ordered nanometre-sized domains with a definite morphology 
and narrow size distribution 28,29.  
In terms of mechanical performance, the PCL and PEG combination offers the advantage 
of the components having similar Young´s modulus, which avoid device failure due to uneven load 
distribution upon mechanical solicitation, even at an advanced degradation state 34. Another 
advantage of the PCL/PEG combination is their similar thermal properties, since it allows easy 
processing and device manufacturing. PCL and PEG show similar glass transition (Tg), melting (Tm) 
and crystallization (Tc) temperatures 29: Tg ≈ -60 °C, Tm ≈ 60 °C and Tc ≈ 35 °C for PCL, and Tg ≈ -50 °C, 
Tm ≈ 50 °C and Tc ≈ 45 °C for PEG 35.  In addition, at comparable Mw, PCL and PEG show similar degree 
of crystallinity, though PCL is flexible and PEG is fragile 10. 
In polymer blends, the common approach to tackle the domain size issue is the use of 
homopolymers with distinct Mw, associated with advanced preparation methods such as rapid 
prototyping 27,37,38. In PCL/PEG blends, usually PCL is used in a higher Mw than PEG. This is due to 
the fact that PCL is flexible and impact resistant, while PEG is rigid, however hydrophilic. From this 
strategy, Dong et al. 27 and Mirhosseini et al. 37 have successfully increased PCL hydrophilicity 
through the electrostatic spinning of a PCL and PEG 27 or Pluronic P123 37 blend. P123 is a triblock 
copolymer made up of PEG and poly(propylene glycol)). Due to the fact that P123 is amorphous, 
Mirhosseini et al. 37 (PCL 80 000 g mol-1; PEG 5 800 g mol-1) studied only the phase separation 
phenomena and showed that above 20 wt% P123 concentration, the fibre surface saturated and 
the excess P123 would be entrapped within the fibre bulk. Conversely, Dong et al. 27 investigated 
only the crystallization phenomena and verified that PCL (52 000 g mol-1) and PEG (2 000 g mol-1) 
crystallized separately. The authors showed that PCL and PEG crystal structure and crystallization 
mechanisms were unaltered in relation to the respective homopolymers, however, their 
coexistence allowed thicker crystals and more perfect crystallites to be formed on both phases, 
indicating a templating effect. It is important to point out that no morphological or quantitative 
information on phase separation was provided in Mirhosseini’s work 37. 
The strategy of using a very low Mw component is based on the assumption of increased 
miscibility. Nevertheless, up to now, no one has succeeded in suppressing the microscopic phase 
separation in crystalline PCL/PEG blends. As an alternative, several studies have concentrated on 
the competition between crystallization and phase separation, in order to produce microscopically 




from the melt, as well as blend composition, in the morphology of PCL/PEG blends  
(PCL 10 000 g mol-1; PEG 400 g mol-1) and built up a phase separation diagram for this system. From 
that information, the authors chose the 70/30 PCL/PEG blend to perform an isothermal 
crystallization at 48 °C, in which phase separation and crystallization occurred simultaneously, even 
though spinodal decomposition of the liquid-liquid mixture started earlier. In this system, PEG is 
amorphous and segregated into the interspherulitic and interfibrillar regions of the PCL spherulites. 
PCL crystallization rate was not affected by PEG presence.  
Typically, PEG homopolymer crystallizes in monoclinic crystals with 28 monomers per 
unit cell, in which a = 7.51 Å, b = 13.35 Å  and c = 19.90 Å35, while PCL homopolymer crystallizes in 
orthorhombic crystals with 4 monomers per unit cell in which: a = 7.45 Å; b = 4.98 Å and  
c = 17.04 Å 39,40. Qiu et al. 41 (PCL 14 300 g mol-1; PEO 100 000 g mol-1) showed that PCL and PEG 
crystallize separately and are immiscible. PCL crystal lattice and crystallization rate or mechanism 
were not affected by the PEG presence. Conversely, PEG suffers a confinement effect from the PCL 
crystalline phase which lowers PEG crystallization rate, while crystal lattice and crystallization 
mechanism are unaltered. To summarize, it is widely accepted that PCL and PEG do not co-
crystallize, since they always retain their distinct crystal lattices. However, a templating effect 
sometimes occur, leading to crystalline phases of the same thickness, in spite of PCL/PEG physical 
separation into domains. Moreover, PEG crystallization is largely influenced by PCL, while PCL 
crystallization is fairly unaffected by PEG. In PCL/PEG blends, the crystalline behaviour is well-
known, however phase separation behaviour is still unclear.  
Conversely, in block copolymers, several studies have shown that PCL/PEG blocks are 
miscible at the molten state 42. In block copolymer systems, the segregation strength is due to the 
product of the Flory-Huggins interaction parameter and the degree of polymerization, both of which 
are related with Mw 43. Therefore, the control of Mw may enable tailoring of the extent and stability 
of phase separation and, therefore, the device nanostructure. This nanostructural versatility is the 
most advantageous aspect of the PCL/PEG block copolymers, since it allows one to obtain a number 
of distinct morphologies. Extensive research has been done on that topic, for both diblock 28,30,44 
and triblock 17,29,45 PCL/PEG copolymers. In the latter, most often PEG is the central block. As a 
general rule, PCL crystallizes first, unless the PCL block Mw is smaller than PEG block Mw, in which 
case the crystallization events are frequently overlapped. The low driving force for PCL and PEG 




homopolymers 42. Moreover, the Mw of each block has significant influence over the crystalline 
behaviour of the blocks. For example, by fixing PEG Mw and increasing PCL Mw, PEG Tc and Tm are 
reduced, while PCL Tc and Tm are increased 17,44.  
When phase separation occurs prior to crystallization in PCL/PEG block copolymers, a 
soft confinement environment is imposed for both PCL and PEG blocks. Usually, PCL crystallization 
is insensitive to the soft confinement and disrupts the phase separation morphology by the 
formation of a spherulitic superstructure, which acts as a hard confinement environment for the 
PEG subsequent crystallization 42. He et al. 44 showed that for symmetric PCL/PEG diblock 
copolymers (PCL 5 900 g mol-1; PEG 5 000 g mol-1), this phenomenon leads to the formation of 
concentric spherulites upon PEG crystallization, since PEG crystallizes in the interfibrillar region of 
the PCL spherulite. Conversely, Xue et al. 46 showed that for asymmetric diblock copolymers (PCL  
10 000 g mol-1; PEG 5 000 g mol-1) an alternate periodic crystalline structure, as shown in Figure 3, 
is obtained and leads to a single spherulitic superstructure. In this case, the PCL and PEG crystalline 
lamellae are separated by a homogeneous amorphous layer in which PCL and PEG are miscible. 
 
If PCL and PEG blocks are highly asymmetric in a diblock copolymer (PCL 24 000 g mol-1; 
PEG 5 800 g mol-1), as shown by Li et al. 28, PCL/PEG phase separation and PCL crystallization might 
occur simultaneously, leading to the formation of a PCL crystalline structure with spherical PEG 
domains orderly distributed at the PCL amorphous layers, as shown in Figure 4. In this case, 
subsequent PEG crystallization occurs under hard confinement and, therefore unidirectionally, 
leading to domain deformation. Hard confinement environments usually significantly modifies PEG 
crystalline behaviour, resulting in full crystallinity suppression when the PEG block is sufficiently 
Figure 3 - Morphology of a double crystalline and asymmetric PCL/PEG diblock copolymer.  




small 17. Conversely, PCL crystallinity suppression due to hard confinement is seldom reported, 
however, it may also occur 45,47.  
 
Finally, another interesting approach to PCL and PEG combination is cross-linking. Cross-
links are chemical or physical interactions that bind two or more polymeric chains together 49,50. The 
resulting materials are versatile and three-dimensional networks that might be either rigid and stiff 
or soft and porous. If on the one hand, PCL/PEG blends and copolymers have been intensively 
investigated in the last few decades, on the other hand, the interest in PCL/PEG cross-linked 
materials is recent. In general, the same trends and behaviours found for PCL/PEG blends and 
copolymers also apply to PCL/PEG cross-linked materials. However, due to the reduced synthetic 
control in cross-linked systems, these are usually complex and heterogeneous. As a consequence, 
their morphology and nanostructure are frequently overlooked. Taking into consideration the 
device’s nanostructure importance to the material’s biomedical performance, in the present thesis, 
it is of interest to thoroughly investigate the morphology and nanostructure of potential biomedical 
devices made up of PCL and PEG, cross-linked by silsesquioxane structures.  
 
  
Figure 4 – Morphological evolution of a highly asymmetric PCL-b-PEG copolymer from the melt. PCL and PEG 
are miscible while melted (left). PCL crystallizes first in a lamellar arrangement (middle) and spherical PEG 
domains are formed in the interlamellar amorphous region. Finally, PEG crystallizes unidirectionally 




1.2. CHEMICALLY CROSS-LINKED O-I HYBRID NANOCOMPOSITES 
In biomaterials science, cross-linked materials are interesting for cartilage repair and 
bone substitution, due to their resilience and load support 26,51, as well as to drug delivery and tissue 
engineering devices due to the facilitated water flow throughout the device that, in turn, allows to 
retain and deliver small molecules or even cells 12,52. The mechanical resilience in chemically cross-
linked materials is due to interchain bonding and allows the material to endure compression and 
various other types of mechanical solicitation without changing shape or rupturing. As a result of 
mechanical resilience, facilitated water flow is also observed53. Typically, cross-linked materials are 
multicomponent and the combination of hydrophilic and hydrophobic polymers, such as PCL and 
PEG, is widely explored. The multicomponent approach is widespread in this field of research due 
to the fact that phase compatibility is less of an issue in cross-linked systems and, therefore, 
synergistic properties are more easily achieved. In addition, the interchain bonding between 
antagonistic molecules facilitates the tailoring of properties such as elasticity, water uptake, and 
biodegradation rate 2,54.  
Cross-linked materials are extremely versatile and may be obtained in various ways. 
Synthetic routes based on the sol-gel technique are an interesting approach due to their mild 
reaction conditions. The increasing use of the sol-gel technique associated with advanced 
preparation methods 55 has led to the development of injectable in situ gel forming systems in which 
the gelation point is achieved directly onto the lesion site 56,57.  As an example, Ni et al. 26 have 
developed injectable hydrogels based on a PCL/PEG block copolymer using hexamethylene 
diisocyanate as a cross-linking agent and the sol-gel technique. These materials were targeted for 
bone regeneration of cranial defects and have proven to be promising candidates for bone 
substitution in non-load bearing sites. Moreover, these gels have also shown a thermosensitive 
behaviour, which was also verified by others 51,58 for similar chemically cross-linked PCL and PEG 
gels. In terms of PCL/PEG cross-linked devices, it is important to point out that if the chain length in 
between cross-linking nodes is sufficiently high, they might crystallize 50,59. 
The sol-gel technique consists of the transition from a colloidal suspension (sol) to a 
three-dimensional material containing liquid entrapped (gel) 60. Sol-gel transition occurs at the 
gelation point. Initially, a stable and homogeneous colloidal suspension (polymer solution or 
nanoparticle dispersion) of low viscosity is mixed with the cross-linking agent. As the reaction 




grains start touching each other, forming a percolated network. This is the gelation point. In spite 
of the physical constraints and viscosity increase imposed by the gelation, the cross-linking reaction 
proceeds, though locally and at a much slower rate. This process is called aging and allows intergrain 
bond formation, providing structural stability to the gel 60–62. Due to the mechanism of gel 
coagulation, shown schematically in Figure 5, gels usually exhibit a fractal nanostructure, which 
provide a hierarchically porous morphology that is advantageous to the biomedical field.  
 
The sol-gel process, however, is not restricted to the production of polymeric gels. In 
fact, the sol-gel technique was developed for the preparation of siloxane-based materials,  such as 
glasses or organic-inorganic (O-I) hybrids 63. In order to produce siloxane-based materials, 
alkoxysilanes are used as cross-linking agents 62. Recently it has been established, despite previous 
concerns, that Si compounds are actually beneficial to a number of biological processes 64. Based on 
this, a new emerging market for the silicon-based materials has arisen and, therefore, nowadays the 
number of studies concerning their biomedical applications is increasing rapidly.  
The main advantage of using silicon-based materials as implantable devices is that 
silicon-based materials show enhanced ability to adhere and proliferate cells, due to the Si 
participation in the production of collagen 64. This is especially interesting for the development of 
bone regeneration scaffolds 65,66. Another advantage, recently shown by Talal et al. 12, is the 
polysilsesquioxanes ability to promote zero-order drug release. In contrast, one of the major 
concerns in using silicon-based materials in the biomedical field is removing all toxic reagents from 
the synthesis. The use of solvents and catalysts, in particular, have to be avoided, since they may 
leave residues behind. 
A class of silicon-based polymeric materials are the polysiloxanes. However, siloxane is 
a broad classification that encompasses all the available hybrid molecules and macromolecules 
Figure 5 - Demonstration of a sol-gel process: initially a colloidal suspension forms grains of a three-
dimensional network. As the grain concentration increases, grains start touching each other at the gelation 




made up of carbon, oxygen, silicon and hydrogen that contain Si-O-Si bridges 67. Siloxane structures 
might be synthesised by the hydrolysis-condensation of organoalkoxysilanes, RSi(OR’)3, in which R’ 
is usually -C2H5, or even -CH3 68. Figure 6 shows a generic representation of all the possible 
organoalkoxysilanes, in which R might be an organic macromolecule, an organic chain, or even a H 
atom. Tetraalkoxysilanes are used mostly to obtain silica (SiO2) particles and zeolites, while 
trialkoxysilanes are used to produce silsesquioxanes. In contrast, dialkoxysilanes are used mostly to 
obtain silicones, such as poly(dimethylsiloxane). Finally, monoalkoxysilanes are used as termination 
units for the preparation of silicones and cross-linked silicone-based resins (which are a mixture of 
distinct alkoxysilanes) 67.  
 
In order to turn an organoalkoxysilane into a siloxane or polysiloxane, hydrolysis and 
condensation reactions, shown schematically in Figure 7 for a trialkoxysilane, are carried out. Even 
though, both the hydrolysis and the condensation rates are highly affected by the organic 
substituents R’ and R, respectively, the limiting step to siloxane formation is hydrolysis. Alkoxy 
radical hydrolysis produces silanol groups, which condensate to form Si-O-Si bonds. In the case of 
silsesquioxane formation, Si-O-Si bridges further condense into (SiO)4 rings that make up the 
silsesquioxane backbones 69. Acids 49, bases 70 or organometallic substances, such as dibutyltin 
dilaurate (DBTDL) 71, may catalyse hydrolysis. However, it is widely accepted that different catalysts 
provide distinct Si-OH availability throughout the reaction media 72.  
Diverse Si-OH availability leads to distinct silicon conformation within the silsesquioxane 
structure. As it is shown in Figure 8, a single silicon atom might be participating in either one (T1), 
two (T2) or three (T3) Si-O-Si bridges. As a consequence, random, cage-like or ladder-like 
silsesquioxanes may be obtained by the condensation of Si atoms into distinct conformations. 
Random and ladder-like siloxanes are called polysilsesquioxanes (PSS) and usually present high Mw. 
Random PSS shows elevated T1 and T2 contents, while ladder-like PSS shows elevated T2 and T3 
Figure 6 – Generic chemical structures of possible organoalkoxysilane used for siloxane synthesis.  




contents. In contrast, cage-like silsesquioxanes, which show limited Mw, are mostly made up of T3 Si 
atoms. Cage-like silsesquioxanes are polyhedral structures, which may be either partially open or 
closed, but are always limited to an even number of Si atoms ranging from 6 to 12. The most 
thermodynamically stable and, therefore, most widely investigated silsesquioxane structures are 
the closed cages, which are formed by 8 Si atoms, (SiO)8, and show a cubic-like structure with a  
0.5 nm average inner diameter 73.  
 
 
Open silsesquioxane cages are mainly made up of T3 atoms, but a small portion of T2 
atoms is also present. Open cages with sufficiently small R substituents may be further polymerized 
Figure 7 – Schematic demonstration of trialkoxysilane hydrolysis (top) and condensation (bottom) reaction 
to obtain silsesquioxane structures. R represents any organic chain (polymeric or not) and R’ represents -H,  
-CH3 or -C2H5 groups. 
Figure 8 – Possible molecular conformations of a silicon atom within a silsesquioxane structure. T1 Si atom is 
involved in a single Si-O-Si bond (top left), T2 Si atom is involved in two Si-O-Si bonds (bottom left) and T3 Si 




into higher molecular weight random polysilsesquioxanes under high temperatures. Conversely, 
closed cages (only T3 atoms are present) that also have sufficiently small R substituents, may form 
transparent soluble crystals upon solvent evaporation. Literature reports that the steric hindrance 
promoted by the R substituents that are larger than five to ten methylene units favours the 
formation of (SiO)8 closed cages 74. However, it also impairs (SiO)8 crystallization, which ends up 
producing gel-like or glass-like solids 73. The discovery of these gel-like solids, in the 1950’s, opened 
up a new class of materials, the organic-inorganic (O-I) hybrids, that have been widely explored ever 
since.  
In biomaterials science, O-I hybrids are the most widely investigated silicon-based 
materials due to their useful mechanical properties. O-I hybrids are flexible materials made up of 
siloxane structures and organic polymers 75. Siloxane structures provide mechanical strength and 
enhance cell adhesion, while the organic polymers might provide several properties such as 
elasticity and hydrophilicity, which are a characteristic of polymeric materials 76. The O-I hybrids 
classification within materials science is still a matter of debate. The most widely accepted 
classification is the one proposed by Loy and Shea 70, under the assumption that an organic-
inorganic phase separation always occurs. The authors suggest that the inorganic domains size 
dictates whether that singular system is a blend, a composite, a nanocomposite or even a molecular 
composite. Moreover, the authors conclude that within a specific class (i.e. nanocomposites), 
distinct O-I hybrids should display similar physical-chemical properties, due to the similar interfacial 
area. However, sorting out O-I hybrids within this classification has been a challenge due to 
difficulties in determining their morphology and nanostructure.  
The nanostructure of O-I hybrid nanocomposites is typically obtained from the 
interpretation of synchrotron small-angle X-ray scattering (SAXS) data. However, SAXS alone gives 
room for diverse interpretations and is limited, in terms of length scale, to a few hundreds of 
nanometres. Moreover, one has to know beforehand the number of phases present in the sample 
in order to correctly interpret the data. Even so, when contrast difference between phases is 
insufficient, they may be undistinguishable and mislead data interpretation. In contrast, it is a 
widespread knowledge that microscopic techniques also have limitations. In the case of O-I hybrids, 
the main limitation is the acknowledged difficulties involved in soft materials’ sample preparation 
and beam damage. In addition, the field-of-view reduction, necessary to achieve higher resolutions, 




understand the morphology and nanostructure of O-I hybrid nanocomposites, at all length scales, a 
combination of X-ray scattering, and electron microscopy techniques is, most probably, the best 
approach. Unfortunately, up to now few have succeeded in that undertaking. 
For this reason, recently Kickelbick 77 proposed a new O-I hybrid classification based 
solely on the alkoxysilane prepolymer used for the formation of the inorganic moiety. In this new 
classification, O-I hybrids were divided into class I and class II. Class I hybrids are obtained by mixing 
organic polymers with siloxanes obtained from tetraalkoxysilanes. Conversely, class II O-I hybrids 
are obtained from the trialkoxysilanes 75. In class I, the organic and inorganic O-I hybrid’s moieties 
may or may not be covalently bonded and, therefore, microscopic, or even macroscopic, phase 
separation is expected. In contrast, in class II, the organic and inorganic O-I hybrid’s moieties are 
always covalently bonded. In this latter case, nanometric phase separation or the even no phase 
separation at all is expected. In both class I and class II O-I hybrids, if present, the cross-linking nodes 
might be located either at the organic or at the inorganic moieties. When cross-links are at the 
organic moiety, O-I hybrids are usually obtained by binding pre-condensed siloxane structures with 
multi-armed organic polymers 66. In contrast, the inorganic moiety cross-links are mostly verified in 
class II O-I hybrids, since they are usually obtained by the in situ formation of silsesquioxane 
structures by means of the sol-gel technique 12. 
It is important to point out that PCL-based and PEG-based O-I hybrids have been 
following the same trends as the organic chemically cross-linked materials: PEG-based O-I hybrids 
currently under development, are targeting drug delivery devices 12,14,78; while PCL-based  
O-I hybrids are revolving mostly around bone repair 65,66,79. To the best of our knowledge, the 
present work is the first to report an O-I hybrid made up of both PCL and PEG. However, in a series 
of studies, Guo et al. 80–82 developed thermoplastic polyurethanes made up of a PCL and PEG 
terpolymer with an additional poly(L-lactide) block. This terpolymer also contained, at the PCL block, 
dangling polyhedral oligomeric silsesquioxane structures (POSS), which are the (SiO)8 cages. These 
materials showed an atypical mechanical strength and indications of PCL/PEG miscibility. Moreover, 
the addition of a drug, Paclitaxel, promoted an antiplasticizer effect which could be counterbalanced 
by controlling the PEG content at the original terpolymer. This allowed a fine control of the 
mechanical properties and drug release profile. The work of Guo et al. 80–82 highlights the potential 
of combining PCL and PEG in O-I hybrid systems, since it opens up the possibility of achieving 




In this context, the O-I hybrid nanocomposites made up of PCL and PEG as the organic 
moieties, and in situ synthesized silsesquioxane structures as the inorganic moiety, were 
synthesized using a new atoxic two-step pathway inspired by the sol-gel technique. In the first step, 
the solvent-free chemical modification of PCL and PEG chain ends, using triethoxysilyl radicals, was 
carried out, though separately, to ensure that both organic polymers were uniformly combined in 
the hybrid network. In the second step, which is the silsesquioxane structure formation, an aqueous 
and diluted nitric acid solution was used as a catalyst. Both crystalline and amorphous O-I hybrids 
were obtained. Advanced morphological characterization studies using electron microscopy and 
synchrotron X-ray scattering experiments were used to investigate in detail the complex 







1.3. TRANSMISSION ELECTRON MICROSCOPY  
 The electron microscopy development in the early 1930’s allowed the nanotechnology 
field of research to rise and thrive, due to the surpassing of the limit resolution of visible light. In 
transmission electron microscopy (TEM), resolution is the minimum resolvable distance between 




 Equation 1 
where β is the collection semi-angle of the magnifying lens and λ is the radiation wavelength. Even 
though, both visible light microscopy (VLM) and TEM resolutions are diffraction-limited, the 
minimum resolvable distance in VLM is in the order of 300 nm, while in TEM is in the order of  
0.1 nm. The marked difference between VLM and TEM resolutions is due to the fact that the 
electron beam wavelength (1.9x10-3 nm < λ < 3.7x10-3 nm) is considerably smaller than the visible 
light wavelength (4x102 nm < λ < 7x102 nm). 83  
The transmission electron microscope is currently one of the most versatile tools for the 
materials characterization and there are over 40 distinct documented TEM modes (i.e. techniques), 
all of which have their specific field of application. TEM versatility is based on two aspects of TEM 
operation: the fact that an electron beam is an ionizing radiation, which means that it interacts with 
matter; and the use of thin and electron-transparent specimens, which increases the number of 
distinct signals available to detect. An electron can interact with matter as both a particle and a 
wave, which increases even further the number of secondary signals available to work with. The 
most commonly used signals in TEM are the direct beam, the elastically or inelastically scattered 
electrons and the X-rays. Moreover, the secondary and backscattered electrons are widely used in 
the scanning electron microscopy (SEM), in which secondary electrons give topographical 
information and backscattered electrons show local compositional changes of non-electron 
transparent specimens. 
The direct beam is the most well-known and widely explored TEM signal, since it 
provides bright field (BF) images. BF images are formed by selecting the direct beam (through the 
positioning of the objective lens aperture) and removing most of the scattered electrons. In BF 
micrographs the overall field-of-view is bright (since the sample is electron transparent) and the 
regions that show increased mass thicknesses are presented in different shades of grey due to the 




scattering events per unit distance by the thickness of the sample. Mass thickness is the main event 
responsible for the contrast in BF images of amorphous materials and is governed by the energy of 
the electron beam as well as the average atomic radius of the sample. At this point, it is important 
to point out that all TEM micrographs are two-dimensional projections of three-dimensional 
volumes, which is yet another reason why the thickness of the sample is one of the most important 
aspects to consider in TEM sample preparation. 84 
In terms of thickness, another important parameter needs to be considered: the mean 
free path (MFP). MFP is the average distance an electron travels in between two scattering events. 
The MFP is dependent on the average atomic weight of the sample and the mass thickness, as shown 




 Equation 2 
where A is the average atomic weight of the scattering atoms, 𝑁0is the Avogadro’s number and 
𝜎𝑎𝑡𝑜𝑚𝜌 is the mass thickness of the sample. MFP is a measurement of distance and is expressed per 
unit area. Therefore, this easy calculation allows one to predict the ideal thickness of a sample in 
order to work at the single scattering regime. This ideal thickness is usually in the order of tens of 
nanometres. 83 
To fully understand why it is important to work at the single scattering regime, it is 
necessary to initially define electron scattering. Figure 9 shows a schematic representation of the 
two distinct types of electron scattering: elastic and inelastic. An incoming electron that interacts 
with a single atom and deviates its trajectory without losing energy is elastically scattered. 
Conversely, an incoming electron that interacts with an atom and loses energy is inelastically 
scattered. The elastically scattered electrons provide information on the crystal structure of the 
materials, through the dark field (DF) images and the diffraction patterns (DP), as well as on local 
compositional variations, through the annular dark field (ADF) and high-angle annular dark field 
(HAADF) images. Conversely, the inelastically scattered electrons provide information on the 
chemical composition of the sample, through the energy-loss spectroscopy (EELS) and X-ray 
spectroscopy (EDS). Combining EELS or EDS with scanning transmission electron microscopy (STEM) 





Even though there are a number of TEM techniques available, only three basic operation 
modes are enough to collect and manipulate all the secondary signals of interest: TEM, diffraction 
and STEM modes. Figure 10 shows a schematic representation of the TEM (left) and diffraction 
(right) modes. TEM mode provides BF and DF images; while diffraction mode provides only the DPs. 
STEM mode may provide both BF images and DPs, as well as ADF and HAADF images. Finally, EELS 
and EDS may be performed in either one of the operating modes. 
In TEM and diffraction modes (Figure 10), the illumination system, is set up to provide a 
parallel beam that evenly and constantly illuminates the whole area of interest. Conversely, in STEM 
mode the specimen illumination occurs by means of a convergent beam, which forms a small probe 
that is scanned through the area of interest, reducing beam damage and improving mass thickness 
contrast and spatial resolution. After sample interaction, at the objective lens, the electron beam is 
divergent in STEM mode, while in TEM and diffraction modes, the incoming beam from the objective 
lens to the imaging system is parallel. In TEM mode, it is of interest that, at the detectors, the image 
plane of the projective lens is the image plane of the objective lens (i.e. image of the sample in real 
space). Conversely, in the diffraction mode, it is of interest that the image plane of the projective 
lens be the back focal plane (BFP) of the objective lens (i.e. image of the sample in reciprocal space).  
In practice, the distinction between TEM and diffraction modes relies solely on the 
strength of the intermediary lenses, while in STEM mode, due to the diverging beam, distinct 
Figure 9 -Schematic representation of the electron interaction with a single atom. The incident electron might 




detectors need to be used. In all cases, when the image plane is presented to the detector, the real 
space is being investigated (BF, DF, HAADF and ADF) and when the BFP is presented to the detector, 
it is the reciprocal space that is under investigation (DP). Reciprocal space is described in reciprocal 
units of length (e.g. nm-1) and displays frequency and periodicity, instead of actual length and mass 
thickness contrast. Periodic atomic planes, given by a definite crystal structure, are converted into 
a spot or a halo, whose distance from the direct beam is the reciprocal length of the distance in 
between crystalline planes. Therefore, electron diffraction is a very useful tool for the 
crystallographic characterization of materials, since it allows a two-dimensional visualization of the 
atomic arrangement inside the crystal lattices (in real space). 
 
Figure 10 - Distinct operation modes of a transmission electron microscope: Imaging TEM mode (left) and 




It is important to point out that imaging the reciprocal space in the TEM allowed the 
development of various electron diffraction techniques. However, these only apply to highly 
crystalline materials. Electron diffraction works on the basis of X-ray diffraction principles (see 
section 1.4), with the advantage of a stronger scattering and therefore allows the crystallographic 
determination of single crystals and nanoparticles. Finally, it is important to remember that 
diffraction is a wave-like characteristic of elastically scattered electrons. The particle-like behaviour 
of elastically scattered electrons is important in STEM mode, since it is responsible for the ADF and 
HAADF images.  
In inelastic scattering, X-rays and electrons also provide analogous information: the 
chemical composition. This information is provided by the excitation of inner-shell electrons of the 
sample to higher energy levels, which occurs by means of energy lost by the incoming electrons 
hitting the sample. The energy change of the incoming electrons (EELS) as well as the X-ray energy 
(EDS), are element-specific, allowing qualitative and quantitative compositional analysis 85. EDS 
makes use of silicon-based X-ray detectors to identify the energy of characteristic X-rays. 
Conversely, EELS makes use of a spectrometer to separate the direct beam electrons according to 
their kinetic energy (by using magnetic prisms) and of CCD cameras (the same ones used for 
imaging) to perform electron counting as a function of their kinetic energy. On the one hand, EELS 
has the advantage of a high-count rate that allows better signal-to-noise ratio. On the other hand, 
EDS has the advantage of showing peaks instead of edges, which makes quantification much more 
straightforward. In fact, EDS is much more user friendly than EELS and, therefore, it is the preferred 
technique for TEM elemental mapping, in spite of the comparative low signal-to-noise ratio and high 
detection limits. However, frequently Si atom detection using EDS might be tricky due to the 
artefacts generated by the detector’s Si atoms. 
Even though EELS is a highly specialized technique that requires some theoretical 
knowledge from the operator, it is also an extremely powerful one. EELS combines in a single 
spectrum, pieces of information that may be achieved from various other spectroscopic techniques 
(e.g. infrared, visible light and X-ray) with the additional advantage of spatial resolution, which is a 
TEM feature Moreover, EELS does not require external standards neither for element identification 
nor for atomic ratio determination. An EELS spectrum, as the one shown in Figure 11, is a one-




electrons (i.e. scattering intensity) as a function of the energy lost. Distinct types of information are 
obtained in distinct regions of the spectrum.  
 
Initially, at 0 eV, the zero-loss peak reflects the transmitted electrons that did not 
interact with the sample at all, or that lost an unappreciable amount of energy. This is the vast 
majority of the beam (when the sample is thin enough). The zero-loss peak is used for energy-loss 
calibration (x axis). Moreover, the full width at half maximum (FWHM) of the zero-loss peak is the 
measurement of the energy resolution (which is highly affected by sample thickness and microscope 
alignment). Currently, energy resolution in EELS is typically in the 0.8 to 1 eV range.  
In the region of 4 – 40 eV plasmon peaks are observed. Plasma resonance (that produces 
plasmons) is a cooperative effect that occurs in both crystalline and amorphous materials. Plasma 
resonance is the rapid and collective excitation effect in which a longitudinal wave oscillates the free 
electrons present in the valence bands. Plasmon analysis is useful for calculating the sample 
thickness and MFP of the sample, allowing one to determine the quality of the spectrum for 
quantitative analysis. Moreover, the investigation of the plasmon peak as a function of time 
provides invaluable information concerning beam damage 86 and there is a wide variety of 
information that can also be obtained from the plasmon peaks, since peak position is composition 
sensitive and the shape is mass thickness sensitive. However, due to the plasmon peak fine structure 
complexity, it is frequently overlooked.  
The actual compositional information of an EELS spectrum, the core-loss edges, may be 
found in the region above 50 eV. The excitation of a core electron (from the atom’s inner shell) 
generates a characteristic energy-loss in the accelerated incoming electron that is equal to (or higher 
Figure 11 - Representative energy-loss spectrum highlighting the zero-loss and plasmon peaks (left), as well 




than) the element binding energy. As a consequence, EELS spectra show edges rather than peaks. 
At the beginning of an energy-loss edge, a sharp and discrete intensity rise is verified, due to the 
ionization threshold, and is followed by a gradual intensity decay. The ionization threshold is at 
approximately the binding energy of the atom and the gradual decay is due to accelerated electrons 
that loose more than the binding energy or participate in more than one scattering event. Multiple 
scattering (produced by samples thicker than the MFP) will generate artefacts in the energy-loss 
spectra, since the overall energy-loss of a single atom will be the summing up of various scattering 
events. This is the reason why it is so important to work at a single scattering regime (as mentioned 
earlier). On the one hand, multiple scattering makes it difficult to perform quantitative EELS analysis, 
since deconvolution of a curve with a logarithmic background is needed. On the other hand, it may 
provide information on the chemical environment of the element of interest. Nevertheless, since it 
distorts the overall shape of the spectra, multiple scattering is generally undesirable. The logarithmic 
background observed in the EELS spectra (see Figure 11) is the main reason why EELS quantification 
of heavier elements is often difficult. The heavier the element, the higher is the energy-loss edge 
and, therefore the less intense is the signal. 87 
This brief overview of the transmission electron microscopy operation and capabilities 
is intended to highlight how powerful this technique is to the characterization of nanosized objects 
and domains. TEM is usually overlooked in polymer science and biomaterial science due to small 
sampling area; extensive sample preparation; intensive machine-operator interaction as well as low 
mass thickness contrast. Moreover, for soft materials such as polymers, beam damage due to 
radiolysis (chemical bond cleavage due to the incoming accelerated electrons) and heating are 
usually significant.  Nevertheless, advances in sample preparation and TEM techniques are now 
overcoming most of these issues (except for the intensive machine-operator interaction). There is 
no doubt that EELS is the most reliable tool for investigating the chemical composition of polymeric 
materials and their composites. Moreover, the need for acquiring extensive knowledge on the 
nanostructure and chemical composition of multicomponent and polymeric systems is irrefutable. 
In this work, TEM and EELS were used to thoroughly investigate silicon distribution within the  
O-I hybrid nanocomposites developed herein, providing previously unreported information which 





1.4. X-RAY SCATTERING TECHNIQUES 
In materials science, X-ray scattering techniques are the most widely used for 
investigating the internal structure of materials at both the atomic and the nanometric length scales. 
X-ray is an electromagnetic radiation in the 0.01 to 10 nm wavelength range that may be generated 
in two distinct forms. As already described in subchapter 1.3, an accelerated electron beam hitting 
a target ejects electrons from the inner shell of the atoms. As a consequence, an electronic 
reconfiguration occurs, which de-excites some electrons back to the atom inner-shell, resulting in 
characteristic X-rays. This is the X-ray generation mechanism used laboratory equipment. Through 
this mechanism, X-rays are mostly generated in the wavelength characteristic of the metallic target, 
which is usually the 0.154 nm Cu Kα wavelength. 88 
Conversely, in synchrotron machines a continuous X-ray wavelength spectrum is 
obtained. A synchrotron machine is a large-scale facility in which electrons (or positrons) are 
accelerated up to almost the speed of light and then injected into a storage ring, as shown 
schematically in Figure 12. At the storage ring, the accelerated electrons move around in discrete 
bunches which are forced by bending magnets and/or insertion devices, such as wigglers or 
undulators, to undergo a curved trajectory. Deviation from the linear trajectory into a circular one 
causes electron deceleration, producing high brilliance X-rays that propagate tangent to the storage 
ring, with an energy proportional to the forth power of electron speed and inversely proportional 
to the trajectory squared radius. Synchrotron sources have the advantage of providing a pulsed 
radiation with high brilliance (i.e. large flux in small areas). However, they also have the 
disadvantages of elevated cost and low availability, since there are only few synchrotron facilities 
available around the world. 89 
 




In scattering experiments, synchrotron facilities provide the advantages of increased 
resolution and small acquisition times, which allows a large variety of time-resolved and in situ 
measurements to be performed. One of the main advantages of X-ray scattering techniques over 
the electron microscopy techniques is that it requires very little sample preparation and almost any 
kind of sample (e.g. liquid, gases, gels, solids) might be investigated. Moreover, scattering patterns 
carry out structural information of all the illuminated area, which is in the order of squared 
millimetres. In contrast with the few squared nanometres observed by TEM, X-ray scattering 
techniques are much more representative of the overall sample behaviour.  
In many aspects, X-rays interact with matter in a manner analogous to the electrons. If 
on the one hand, electrons are more strongly scattered than X-rays, on the other hand, X-ray 
interacts with matter through both absorption and scattering processes 83. As consequence, in  
X-ray scattering techniques that operate in the transmission mode, such as the small-angle (SAXS) 
and the wide-angle (WAXS) X-ray scattering, usually thicker samples are preferred. Scattering 
experiments are performed in the reciprocal space, which means that the scattering-angle exhibit a 
reciprocal relationship with the real space lengths 90. As a consequence, the larger the scattering-
angle, the smaller the length-scale of the structural information achieved. Therefore, SAXS aims to 
investigating electron density variations at the nanometric length-scale, through the analysis of 
information obtained at low angles (< 5°), while WAXS aims to determining crystallographic 
parameters through the analysis of scattering angles larger than 5°.  
The basic geometry of a SAXS/WAXS experiment is shown in  Figure 13. The SAXS/WAXS 
set up consists of a source (i.e. synchrotron facility, Figure 12), a monochromator (to select the 
energy), a collimation system, the sample environment and the detectors. The collimation system 
comprises a pair of apertures: the defining aperture is placed close to the monochromator and 
defines the beam size, while the guard aperture is placed close to the sample and provides an 
incoming parallel beam reaching the sample. From the source to the guard aperture, X-rays are 
always travelling in vacuum, in order to maintain the incoming beam intensity. Analogously, from 
the sample environment to the detector, X-rays are also travelling in vacuum, in order to keep the 
background to a minimum. However, most samples used in SAXS experiments (i.e. solution or soft 
matter) cannot handle vacuum and, for this reason, usually the sample environment itself is under 





In both SAXS and WAXS, the incoming X-ray beam hits a sample surface perpendicularly 
and the resulting scattering patterns are collected from the opposite surface. Due to the small-
angles used in SAXS experiments, SAXS detectors are usually placed at a sample-to detector distance 
larger than 1 m. Conversely, WAXS detectors are placed at sample-to-detector distances in the order 
of a few hundred millimetres. SAXS detectors are always parallel to the sample surface and WAXS 
detectors might be either parallel to the sample plane or at an angle. Usually, WAXS detectors are 
placed and above the SAXS detector tube at an angle, to allow simultaneous SAXS/WAXS 
experiments. Time-resolved and temperature-dependent simultaneous SAXS/WAXS experiments 
are now routine in the SAXS beamlines 91,92. These experiments are of great interest to the polymer 
science, since it allows to investigate the kinetics of polymer melting and crystallization 93.  
The ideal thickness of a sample in SAXS and WAXS experiments is a compromise 
between increasing scattering intensity and decreasing attenuation. Usually, it lies around a few 
millimetres. Attenuation is an absorption effect that results in the outgoing X-ray beam exiting the 
sample being the same wavelength of the incoming beam, however with a smaller intensity. X-ray 
scattering occurs when an X-ray photon hits an electron of the sample and deviates. If during this 
process the photon loses energy to the electron, the Compton scattering occurs. Compton 
scattering is incoherent and does not carry out structural information, since it is out of phase with 
the outgoing unscattered beam. Conversely, if the X-ray photon preserves its energy, Thomson 
scattering, occurs. Thomson scattering provokes electrons to oscillate at their frequency, producing 
secondary spherical waves in the same wavelength as the outgoing unscattered beam.  
In Thompson scattering, not only the wavelength of the incoming radiation is preserved, 
but also all the secondary waves show the same amplitude. Therefore, the scattering patterns 
generated are formed by the constructive and destructive interference between the scattered 





spherical waves, as well as between the unscattered plane wave and the scattered spherical waves. 
As a result, in SAXS, it is the electronic density difference, Δρ, rather than each phase absolute 
electronic density, ρ, that produces the observable scattering patterns. Scattering patterns are 
recorded in two-dimensions by the detectors. However, usually SAXS results are presented in one-
dimensional intensity versus scattering-angle curves. Some examples are shown in Figure 14.  
 
One-dimensional curves enable the qualitative and quantitative translation of the 
reciprocal information into a real space structure 94. However, the interpretation of SAXS results is 
model-dependent, which means that it is necessary to have some prior knowledge on the sample, 
in order to interpret the data. The most important information one should know beforehand are 
the scattering objects form and concentration within the sample, as well as the number of phases 
present within the sample. Scattering objects are the structures responsible for the observable 
features at the scattering curves.  
If we consider biphasic systems, such as a nanoparticle dispersion or a porous 
membrane, in which the nanoparticles and the membrane matrix share the same composition, the 
scattering objects would be the nanoparticles on the prior and the pores on the latter. This is due 
to the fact that, in SAXS, contrast is given by the squared electronic density differences, Δρ2: 
Δ𝜌2 =  (𝜌𝑠 − 𝜌𝑏)
2 Equation 3 
Figure 14 - One-dimensional SAXS curves showing a scattering curve in which the form factor is dominant 





where ρs is the electronic density of scattering objects (i.e. nanoparticles or pores), and ρb is the 
electronic density of the matrix (i.e. solvent or the membrane matrix). 
In SAXS, the scattering intensity relates to the scattering objects’ form and concentration 
through the following: 
𝐼(𝑞) =  𝑁. 〈𝐼0. (Δ𝜌)
2. 𝑉2. 𝑃(𝑞)〉. 〈𝑆(𝑞)〉 Equation 4 
where N is the number of scattering objects within the analysed area, I0 is the intensity of the 
incoming X-ray beam, V2 is the volume of a single scattering object, P(q) is the form factor and S(q) 
is the structure factor.  
In diluted systems, S(q) might be approximated to 1 and I(q) becomes identical to N 
times the scattering of a single particle. The S(q) approximation is valid in diluted systems based on 
the assumption that particles do not interact with each other. In this case (diluted and biphasic), all 
factors within Equation 4 are constant except for P(q). The form factor, P(q), describes the scattering 
intensity of a single scattering object as a function of the scattering angle. Therefore, through the 
investigation of P(q) in diluted systems (Figure 14, blue curve), the form of the scattering objects 
(e.g. spheres, cylinders and others) might be determined.  
Conversely, when the concentration of the scattering objects increases, the distance in 
between objects approximates to the size of the object itself. As a consequence, the approximation 
of the structure factor, S(q), is no longer valid and S(q) becomes the dominant factor in Equation 4. 
In concentrated systems S(q) usually results in a peak in a q-value corresponding to the average 
distance in between scattering objects (Figure 14, pink curve), Therefore, investigating S(q) in 
concentrated systems allows to determine the ordering of the scattering objects within the sample 
into, for example, lamellar, cubic or hexagonal superstructures. 
When the sample of interest is not biphasic, usually P(q) and S(q) become too complex 
to be determined. In these cases, the invariant, Q is a measurement of the scattering power of the 
sample and does not depend on any assumption concerning the number of phases or the scattering 







=  2𝜋2 ∑ ϕ𝑖ϕ𝑗(𝜌𝑖 − 𝜌𝑗)
2
𝑖≠𝑗
 Equation 5 
where i and ρi are, respectively, the volume fractions and electronic densities of each phase. 
Graphically, Q may be achieved by integrating the SAXS curves in an I(q)q2 vs q plot. For multiphasic 




volume fraction, may provide information concerning phase miscibility and interaction. However, it 
is noteworthy to mention scattering intensity provided by the detectors are in arbitrary units, or 
counts, which is a relative scale. If only structural information is intended, relative intensities are 
enough to investigate Q. However, if quantitative information concerning the scattering power of 
the sample, such as the Mw of a polymer, is intended, it is essential to calibrate the scattering 
intensity by the incoming beam’s flux density and the illuminated sample volume. 
 In concentrated systems, the analysis of the peaks generated by the interaction 
between particles (see Figure 14, pink curve) may also be performed by means of Bragg’s law, 
provided that the Bragg condition is attained. Bragg condition states that the incoming X-ray beam 
is scattered in a specular fashion by the periodically spaced planes of scattering objects (or atoms), 
resulting in a constructive interference that is shown as peaks in the scattering curves. In 
crystallography, Bragg´s law is given by: 
2𝑑𝐵𝑟𝑎𝑔𝑔sin (𝜃ℎ𝑘𝑙) = 𝑛𝜆 Equation 6 
where n is the order of reflection, λ is the radiation wavelength, θhkl is the scattering semi-angle 
attributed to the (h k l) plane, and dBragg is the distance between two subsequent planes of the 
scattering objects (or atoms) in that orientation. In addition, the average grain size or long-range 
ordering in a specific crystalline orientation may be also estimated by the means of Scherer’s 
equation: 
𝐷ℎ𝑘𝑙 =  
𝐾𝜆
𝛽𝑐𝑜𝑠(𝜃ℎ𝑘𝑙)
 Equation 7 
in which K is the shape factor accounting for the crystal habit (usually 0.91) and β is the peak full-
width at half-maximum (FWHM). Dhkl must be calculated in all directions to estimate the average 
crystallite size in all directions. 
  The scattering angle (X-axis) may be either shown in the form of 2θ (see Figure 13), 
which is useful in WAXS measurements due to the direct 2θ relationship with the d-spacing (dBragg), 
or in the form of the scattering vector, q, which is given by: 
𝑞 =  
4𝜋
𝜆
sin (𝜃) Equation 8 
where λ is the radiation wavelength. The fact that the q vector takes into consideration both the 
scattering angle and the radiation wavelength allow the scattering curves to be comparable, 




From the q vector in concentrated systems with a structure-related peaks, the 
correlation distance (ds) between scattering objects in terms of the scattering vector might be 
attained by combining Equation 6 and Equation 8: 
𝑑𝑠 =  
2𝜋
𝑞𝑚𝑎𝑥⁄  Equation 9 
where qmax is the maximum of the Bragg peak at the small-angle region. Analogously, the long-range 
ordering, Lc, may be achieved by converting Equation 7 in terms of q (Equation 8) 95: 
𝐿𝐶 =  
4𝜋
∆𝑞⁄  Equation 10 
where Δq is the FWHM of the SAXS peak. It is noteworthy to mention that both ds and Lc usually do 
not carry directional information since, conventionally, q is integrated in all directions94. 
Lc is a measurement of the extent at which the ds correlation holds, or else, a measurement 
of the long-range ordering of the scattering objects. Figure 15 shows schematically the physical 
meaning of the ds and Lc parameters based on an orderly arrangement of particles. If, on the one 
hand, ds and Lc are valuable information that may be achieved irrespective of prior knowledge on 
the scattering objects’ shape or specific arrangement. On the other hand, the scattering objects’ 
dimensions, such as radius, cannot be achieved without making some assumptions. For example, if 
the scattering objects may be described as compact spheres in a concentrated system, the 
knowledge of their volume fraction  and their correlation distance ds may be used to calculate 
particle radius, Rs, from the following expression 96: 











Figure 15 - Schematic representation of the Lc, ds and RS parameters within the superstructure formed by 




1.4.1. X-RAY SCATTERING OF POLYMERIC SYSTEMS 
A semicrystalline polymer usually presents itself in a spherulitic morphology, such as the 
one shown in Figure 16, which is constituted of fibrils. Spherulite diameters are in the order of tens 
to hundreds of micrometres, while fibril thicknesses are in the order of hundreds of nanometres. 
Fibrils are made up of a lamellar arrangement of amorphous polymer and crystalline polymer, which 
is in the order of tens of nanometres and may be observed at the SAXS q-range. Conversely, on the 
WAXS q-range, the crystal lattice within the crystalline phase may also be investigated. 97 
 
The typical three-dimensional spherical morphology of the spherulite superstructure 
turns the SAXS two-dimensional scattering pattern of a semicrystalline polymer to be isotropic, 
while the periodic lamellar stacks within the fibrils produce the characteristic Bragg peaks shown in 
their one-dimensional SAXS curves (see Figure 14, pink curve). Moreover, the existence of 
amorphous polymer in between lamellar polymer crystals, as well as in the interfibrillar and 
interspherulitic regions is the reason for their inherent electron density spatial inhomogeneities.  As 
a result, at larger scattering angles polymeric systems show a constant scattering intensity increase, 
as shown in Figure 17. 91,93,98  
Figure 16 - Schematic representation of a semicrystalline polymer morphology, in which the physical meaning 





Scattering intensity increase correction allows the approximation of the scattering of a 
semicrystalline polymer with the scattering of an ideal biphasic system. It may be performed by 
linear fitting the qL>>1 region of an Iq4 vs q4 plot (Figure 17), resulting in the linear equation below: 
𝐼(𝑞)𝑞4 = 𝐾𝑝 +  𝐼𝑏𝑞
4 Equation 12 
in which Kp is the Porod´s constant and  Ib is the background 90. Afterwards, Ib is subtracted from the 
scattering intensity. 
From the corrected SAXS curves, the structural parameters of the periodic lamellar 
structure, such as the long period, L, the thickness of the crystalline lamellae, lc, and the amorphous 
interlamelar spacing, la, as well as the linear degree of crystallinity, 𝑋𝑆𝐴𝑋𝑆, may be obtained. The 
long period, L, as shown schematically in Figure 16, is analogous to ds, and corresponds to the 
periodic spacing in between two adjacent crystalline lamellae. This also means to say that L is the 
addition of the thickness of a single crystalline lamella (lc) with the thickness of a single amorphous 
interlamellar spacing (la) 93: 
𝐿 = 𝑙𝑐 +  𝑙𝑎 Equation 13 
To obtain these structural parameters, a Fourier transform of the scattering intensity, 








 Equation 14 
Figure 17 – Graphical approximation of a generic semicrystalline polymer scattering to the scattering of a 




where Qi is the ideal invariant, which gives the scattering power of the ideal biphasic polymer. In 
order to graphically apply Equation 14, Kp is used to extrapolate the experimental SAXS curve to 
infinity while the Guinier’s law applied to a ln(I(q)) versus q2 plot, is used to extrapolate the 
experimental SAXS curves to q = 0, by means of a0 100. Guinier´s law is given by: 




 Equation 15 
where the linear coefficient, ln(a0), provides the scattering intensity at q = 0 and the angular 
coefficient, -Rg2/3, gives the gyration radius of the scattering objects, irrespective of their shape. It 
is important to point out that Guinier’s law only applies when 0 < qRg < 1.  
 As a result, Equation 14 provides a one-dimensional correlation function, such as the 
one shown in Figure 18, as a function of distance (r). In an ideal biphasic system, crystalline and 
amorphous regions show a sharp interface. Moreover, all the crystalline lamellae and amorphous 
interlamellar spacings are of the same size. However, in real semicrystalline polymers, the interface 
in between amorphous and crystalline phases within the lamellar arrangement are diffuse. 
Moreover, the lamellar thicknesses vary within a certain range. As a consequence, the overall 
correlation function becomes curved, as it is clearly shown in Figure 18.  
 
 
Figure 18 – Generic one-dimensional correlation function, obtained by means of Equation 14, of SAXS curve 
extrapolated to zero and infinity of a semicrystalline polymer. Red dashed line indicates the behaviour of an 




By means of the self-correlation triangle theory 101, all structural parameters may be 
achieved from the correlation function 102. Initially, L is taken as the first maximum of the correlation 




 Equation 16 
in which ymin is the first minimum of the correlation function and B is the angular coefficient of the 
linear portion of the 0 < y < ymin region (see Figure 18). The linear coefficient of this same region 
gives Qi. 
It is noteworthy to mention that, due to the fact that SAXS scattering is provided by an 
electronic density difference lx might be either lc or la. If, for instance, la is obtained from Equation 
16, lc is obtained by the difference between L and la. In order to determine whether lx is attributed 
to the crystalline or amorphous lamellae the bulk degree of crystallinity must be considered 103. 
Ideally, the bulk degree of crystallinity is a volumetric measurement of the crystalline fraction within 
a semicrystalline material. However, experimentally the mass degree of crystallinity is typically 
provided in mass fraction and the density correction may frequently be overlooked. Mass degree of 




 Equation 17 
where Ac is the total area of all crystalline peaks and Aa is the total area of the amorphous halo.  
If, on the one hand, 𝜒𝑊𝐴𝑋𝑆 , is a measurement of the amount of crystals within the 
sample, 𝑋𝑆𝐴𝑋𝑆  is a geometric measurement of the amount of crystals within the lamellar 
arrangement. Therefore, 𝑋𝑆𝐴𝑋𝑆 is usually higher than 𝜒𝑊𝐴𝑋𝑆 , due to the interfibrilar and 
interspherulitic amorphous polymer occurrence, which are accounted for in 𝜒𝑊𝐴𝑋𝑆 . 𝑋𝑆𝐴𝑋𝑆 be 
described as: 
𝑋𝑆𝐴𝑋𝑆 =  
𝑙𝑐
𝐿
 Equation 18 
Finally, it is important to point out that in multiphasic systems such as blends and 
copolymers, frequently the approximation to a biphasic model is not valid99. However, literature has 
already shown that due to polymers’ low contrast, associated with their similar crystalline 
parameters (see section 1.1), in fact, this is not a bad approximation for PCL and PEG systems30,46,105. 
In this work, the invariant analysis was used to determine the number of phases present at the 




on the overall scattering power of the sample. In addition, the one-dimensional correlation function 
was used to determine and monitor the evolution of the structural parameters of the crystalline 
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2. AIMS AND GOALS 
The present thesis consists of a thorough investigation of the morphology and 
nanostructure of atoxic and biocompatible organic-inorganic hybrid nanocomposites, with useful 
properties for the biomedical field, which are made up of bicomponent matrices containing both 
poly(ε-caprolactone) (PCL) and poly(ethylene glycol) (PEG). Therefore, the aim of this work was to 
understand, through the use of advanced characterization techniques, i.e. Transmission Electron 
Microscopy (TEM) and Synchrotron X-ray Scattering (SAXS/WAXS), how phenomena such as phase 
separation and/or crystallization affect the organic-inorganic hybrid nanocomposites’ morphology 
and nanostructure.  
Organic-inorganic hybrid nanocomposites made up of PCL and PEG, which were cross-
linked by in situ generated silsesquioxane structures, were chosen as a model system due to their 
acknowledged biomedical potential as well as their ability to produce macroscopically uniform 
devices in spite of their multiphase structure at the nanometre length scale. In order to reach this 
major goal, a set of specific objectives was outlined:  
a. To prepare organic-inorganic hybrid nanocomposites through an atoxic and solvent-
free route by using (3-isocianatopropyl) triethoxysilane (IPTES), as the inorganic 
moiety prepolymer, and PCL/PEG, as the organic moiety prepolymers, at distinct 
weight ratio. 
b. To propose a model nanostructure to explain the nanocomposites’ morphology by 
the combination of electron microscopy and X-ray scattering techniques. 
c. To investigate the effect of increasing the organic prepolymers’ molecular weight in 
the O-I hybrids’ nanostructure by means of structural analyses such as nuclear 
magnetic resonance, infrared spectroscopy and DSC. 
d. To investigate the thermal behaviour of O-I hybrid nanocomposites by using 
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3. EXPERIMENTAL SECTION 
3.1. MATERIALS 
All reagents were supplied either by Sigma Aldrich (New York, USA) or LabSynth (São 
Paulo, Brazil) and used as received, unless otherwise specified. 
Sigma Aldrich supplied:  
- Poly(ε-caprolactone) diol (PCL) with Mw 530 g mol-1 - low Mw PCL prepolymer; 
- Poly(ε-caprolactone) diol (PCL) with Mw 2 000 g mol-1 - high Mw PCL prepolymer; 
- (3-isocianatopropyl) triethoxysilane (IPTES), 247.36 g mol-1 - cross-linking agent; 
- Poly(ethylene glycol) (PEG) with Mw 1 500 g mol-1 - high Mw PEG prepolymer. 
LabSynth supplied:  
- PEG with Mw 400 g mol-1 - low Mw PEG prepolymer;  
- Nitric acid (HNO3) – catalyst;   








3.2.1. SOLVENT-FREE SYNTHESIS OF O-I HYBRID NANOCOMPOSITES 
Initially, the organic (PCL or PEG) prepolymer was molten dried under vacuum for 12 
hours at 60 °C and purged with argon for 30 min prior to use. (3-isocianatopropyl) triethoxysilane 
(IPTES) was added to the molten polymer, in a 2:1 (IPTES : Polymer) molar ratio to obtain PCL-IPTES 
or PEG-IPTES, which are the modified organic prepolymers containing triethoxysilyl groups at the 
chain ends. The reaction was kept under argon atmosphere and vigorous stirring at 70 °C for 
approximately 8 hours.  
Afterwards, known masses of PCL-IPTES and PEG-IPTES were mixed at 40 °C in order to 
produce the ternary O-I hybrid nanocomposites. Silsesquioxane structures were obtained by the 
triethoxysilyl group hydrolysis, which was nitric acid catalysed, through the addition of a 1% aqueous 
solution in a 1:6 (Polymer-IPTES : HNO3) molar ratio. Hydrolysis was spontaneously followed by 
silanol condensation. Therefore, after a viscosity increase was observed, the mixture was placed in 
a PTFE dish and heated at 90 °C for 2 hours to allow cross-linking to proceed. Table 1 shows the 
mass composition of the reaction media used to produce each one of the chemically cross-linked  
O-I hybrid nanocomposites. Binary nanocomposites were also synthesized as a comparison. In Table 
1, and throughout the text, indexes denote the reagents’ weight ratio at the reaction media. 
Amorphous samples were made up of the low Mw (PCL and/or PEG) prepolymers and were seen to 
be flexible and transparent self-standing films. Semicrystalline samples were made up of the high 
Mw (PCL and/or PEG) prepolymers (see section 3.1) and were seen to be opaque and flexible  
self-standing films. 
  Sample Weight ratio  
  PCL PEG SS 
Amorphous PEG45/SS55 0.00 0.45 0.55 
PCL9-PEG37/SS54 0.09 0.37 0.54 
PCL19-PEG28/SS53 0.19 0.28 0.53 
PCL24-PEG24/SS52 0.24 0.24 0.52 
PCL29-PEG20/SS51 0.29 0.20 0.51 
PCL40-PEG10/SS50 0.40 0.10 0.50 
PCL52/SS48 0.52 0.00 0.48 
Semicrystalline PEG75/SS25 0.00 0.75 0.25 
PCL39-PEG39/SS22 039 0.39 0.22 
PCL80/SS20 0.80 0.00 0.20 
 





3.3.1. ATTENUATED TOTAL REFLECTANCE INFRARED SPECTROSCOPY 
(ATR-IR) 
ATR-IR spectra were obtained in a controlled environment using a Cary 630 (Agilent) 
spectrophotometer at a 4000 to 400 cm-1 wavenumber range using 64 scans and 4 cm-1 resolution. 
Liquid samples were measured by placing a drop directly on the Ge crystal. Solid samples were 
pressed against the Ge crystal for analyses. In between samples, Ge crystal was cleaned using 
ethanol. 
3.3.2. SOLID-STATE 29SI NUCLEAR MAGNETIC RESONANCE  
(29 SI NMR)  
Solid-state HPDEC MAS 29Si NMR was performed in an Avance II 400 (Bruker) 
spectrometer, operating at 79.5 MHz for 29Si nucleus and 400 MHz for 1H nucleus. Samples were 
loaded onto a 4 mm ZrO2 rotor as staked disks. The ZrO2 rotor was spun at 6.1 kHz during analyses. 
Experiments were carried out using a 50 kHz decoupling power and a 20 s recycling delay. 
3.3.3. SOXHLET EXTRACTION (WS) 
Prior to the extraction, in order to remove any adsorbed water, samples of 
approximately 1 g were dried under vacuum at room temperature. Then, samples were weighed in 
an analytical balance, and placed in a cellulose cartridge, whose weight was also measured. The 
cellulose cartridge was placed into the extractor and left for 72 hours. After the extraction 
completion, sample and cartridge were dried again under vacuum for 24h to remove adsorbed THF. 
The soluble fraction was determined by weighting samples prior to and after Soxhlet extraction, 
using the following equation: 
𝑊𝑠(%) =  (
(𝑊𝑑 −  𝑊𝑒)
𝑊𝑑
) × 100 Equation 19 
where Ws is the soluble fraction (expressed in percentage); Wd is the weight of the dried sample 
prior to extraction and We is the weight of the dry sample after the extraction. 
3.3.4. DIFFERENTIAL SCANNING CALORIMETRY (DSC)  
DSC experiments were performed in a Q2000 (TA instrument) equipment using 
approximately 10 mg sample disks which were placed in sealed aluminium pans. Samples were 




temperature to 200 °C, cooling went from 200 to -90 °C and second heating occurred from -90 to 
200 °C. 5 min isotherms were used in between. 
The melting and crystallization peaks observed in the DSC curves were used to calculate 
the degree of crystallinity (𝜒𝐷𝑆𝐶) as follows: 
𝜒𝐷𝑆𝐶 =  
∆𝐻
𝑥𝑃𝐶𝐿 . ∆𝐻𝑃𝐶𝐿
0 + 𝑥𝑃𝐸𝐺 . ∆𝐻𝑃𝐸𝐺
0  Equation 20 
where ΔH is the enthalpy of the thermal event, 𝑥𝑃𝐶𝐿  and 𝑥𝑃𝐸𝐺  are PCL and PEG weight ratios, 
respectively, and ∆𝐻𝑃𝐶𝐿
0  (142 J g-1) 106 and ∆𝐻𝑃𝐸𝐺
0  (188,9 J g-1) 107 are attributed to the enthalpy of 
the 100% crystalline homopolymers (PCL and PEG respectively).  
3.3.5. HELIUM PICNOMETRY (DHP)  
Nanocomposite densities were obtained by helium picnometry (DHP). Approximately 
140 mg of pulverized samples were inserted into the “NANO” sample holder in order to fill it 
entirely. The sample holder was then placed inside an Ultrapic 1200e (Quantachrome) instrument, 
which had been previously calibrated by using commercial silica (SiO2) as a reference.  
3.3.6. THERMOGRAVIMETRIC ANALYSES (TGA)  
TGA thermograms were obtained in a 2950 thermobalance (TA instrument). In order to 
do so, approximately 10 mg disk samples were heated at a 10 °C min-1 heating rate, from room 
temperature up to 900 °C, under argon atmosphere. 
3.3.7. WATER UPTAKE (S) 
Water uptake was obtained by immersing 100 mg sections of previously dried 
nanocomposites in 10 mL of deionized water at 37 °C for up to 24 hours. Sections were weighed in 
an analytical balance prior to and after deionized water immersion. Experiments were performed in 
3 to 5 specimens of each sample. Swelling percentage was calculated as follows: 
𝑆 (%) =  (
(𝑊𝑤 −  𝑊𝑑)
𝑊𝑑
) × 100 Equation 21 
where S is the degree of swelling (expressed in percentage); Ww is the weight of the wet section and 
Wd is the weight of the dry section. 
3.3.8. SCANNING ELECTRON MICROSCOPY (SEM) 
Scanning electron micrographs (SEM) were taken in a Quanta 250 FEG (FEI) microscope 
operating at an acceleration voltage of 10 kV. In order to prevent roughness-induced artefacts and, 




sections were used. Cryoultramicrotomy was performed with a diamond knife (Diatome) in an EM 
FC6 Reichert Ultracut (Leica) cryoultramicrotome operating at -120 °C. Prior to SEM observation, 
the cross-sections were mounted on aluminium stubs and carbon and iridium sputter coated in a 
Bal-TEC MD 020 (Balzer) sputter coater.  
3.3.9. TRANSMISSION ELECTRON MICROSCOPY (TEM) 
Transmission electron micrographs (TEM) were taken in a JEM 1400 Plus (JEOL) 
microscope, operating at 120 kV (LNNano-Brazil), and equipped with a One View 4k x 4k CMOS 
camera (Gatan). Nanocomposites were investigated through 60 nm thick ultrathin sections, 
obtained by cryoultramicrotomy, which were then mounted on TEM copper grids. Digital 
Micrograph 4.0 software was used for image acquisition and ImageJ software was used to calculate 
domain size and spacing.  
3.3.10. ELECTRON ENERGY LOSS SPECTROSCOPY AND ELECTRON 
SPECTROSCOPIC IMAGING (EELS/ ESI-TEM) 
EELS and ESI-TEM experiments were performed in a Libra 120 Plus (Zeiss) transmission 
electron microscope, operating at 80 kV and equipped with an in-column OMEGA filter and an 
Olympus 2k x 2k (Cantega) CCD camera. iTEM software was used for data acquisition. To ensure that 
sample thickness was smaller than 0.25 times the mean free path of inelastic scattering, 45 nm 
ultrathin sections mounted on TEM copper grids were used. 
For EELS experiments, the microscope was aligned in imaging mode. A 10 mrad objective 
lens aperture was used to select the area of interest and an entrance filter aperture was used to set 
the collection angle at 7mrad. A spectral dispersion of 125 eV was used. 
For ESI-TEM imaging of the Si atom distribution, taken at the 99 eV Si L2,3-edge, the 
microscope was also aligned in imaging mode and the objective lens and entrance filter apertures 
were also used. Moreover, a 10 eV energy slit was placed at 110 eV to select the energy.  
3.3.11. SMALL-ANGLE SYNCHROTRON X-RAY SCATTERING (SAXS) 
Small-angle synchrotron X-ray scattering (SAXS) experiments were performed at the 
D01B-SAXS1 beamline located at the Brazilian Synchrotron Laboratory (LNLS-Brazil) 92. A  
λ = 0.1544 nm point collimated monochromatic beam and a Pilatus 300k (Dectris) hybrid pixel X-ray 
detector were used. SAXS detector was placed at a sample-to-detector distance of 2995 mm, which 
covers the 0.8 nm-1 to 4 nm-1 q-range (see Equation 8, section 1.4). SAXS two-dimensional scattering 




software108. Silver behenate was used as a q-vector standard while the scattering of an empty 
sample holder was used for background subtraction. 
3.3.12.  WIDE-ANGLE SYNCHROTRON X-RAY SCATTERING (WAXS)  
Wide-angle synchrotron X-ray scattering (WAXS) experiments were performed at the 
D01B-SAXS1 beamline at the Brazilian Synchrotron Laboratory (LNLS-Brazil) 109. Figure 19 shows the 
beamline set-up used, with indications on the X-ray beam direction, sample and detector positions. 
A λ = 0.1544 nm point collimated monochromatic beam was used at D01B-SAXS1. Scattered X-rays 
were recorded using a Pilatus 300k (Dectris) hybrid pixel X-ray detector at a 232 mm sample-to-
detector distance, which covers the 0.6 nm-1 to 18 nm-1 q-range (see Equation 8, section 1.4).  
 
2D WAXS images were collected over 300 s. The 2D data reduction was performed using 
FIT2D software108 and included azimuthal integration, intensity normalization, background 
subtraction and the q-vector calibration. The scattering of an empty sample holder was used for 
background subtraction, while the α-alumina standard was used for q-vector calibration. Further 
data post-processing was performed with Origin 8.5 Pro® software and consisted of the scattering 
intensity normalization by sample thickness and background correction by Ib (see Equation 12, 
section 1.4). 




Wide-angle scattering curves obtained herein were fitted by the addition of three 
Lorentzian peaks, as it can be seen in Figure 20. To do so, Origin 8.5 Pro® and the Equation 22 below 
were used: 
𝐼(𝑞)  ∝  ∑ ⌈
∆𝑞
2⁄






 Equation 22 
where I(q) is the scattering intensity; qmax is the scattering vector at peak maximum, Δq is the full 
width at half-maximum of the scattering peak and j is an integral number that accounts for the peak 
assignment shown in Figure 20.  
 
3.3.13. TEMPERATURE- AND TIME-DEPENDENT SMALL-ANGLE AND 
WIDE-ANGLE SYNCHROTRON X-RAY SCATTERING (SAXS/WAXS)  
Temperature-dependent simultaneous SAXS/WAXS measurements were performed at 
the BM26B-DUBBLE beamline at the European Synchrotron Radiation Facility (ESRF-France) 91. 
Figure 21 shows the beamline set-up used. X-ray beam direction, sample environment (heating 
stage) and WAXS detector positions are indicated (right). A λ = 0.1033 nm monochromatic beam 
with point collimation was used at the DUBBLE beamline. Small-angle (SAXS) detection was 
performed using a Pilatus 1M (Dectris) hybrid pixel X-ray detector at a 3250 mm sample-to-detector 
distance, covering the 0.04 nm-1 to 4 nm-1 q-range. Wide-angle (WAXS) detection was performed 
Figure 20 - Typical fit (red line) of the wide-angle X-ray scattering data measured at LNLS. The individual 




simultaneously by using a Pilatus 300K-W (Dectris) hybrid pixel X-ray detector located at an angle 
and in a 280 mm distance from the sample to cover the 6 nm-1 to 50 nm-1 q-range.  
In all the simultaneous temperature- and time-dependent experiments, each frame has 
a collection time of 10 s, with 10 ms interval in between frames. SAXS and WAXS scattering curves 
were collected simultaneously to ensure synchronism. The temperature treatment of the sample 
was implemented using a DSC600 (Linkam) heating stage, which was adapted to perform X-ray 
scattering experiments. The adapted DSC600 heating stage is able to perform controlled heating 
and cooling, however, it does not provide quantitative information concerning heat flow. Indium 
was used to perform temperature calibration. Approximately 10 mg disk specimens of the samples 
were compressed and sealed in modified DSC aluminium pans with mica windows. Each sample 
specimen was subjected to controlled heating and cooling at a rate of 5 °C min-1. Heating scan went 
from 10 to 200 °C and cooling scan went from 200 to -90 °C with a 5 min isotherm in between. 
 
BUBBLE software 110 was used for data reduction, intensity normalization and 
background subtraction. The scattering of an empty aluminium pan with mica windows was used as 
background reference, while silver behenate and α-alumina were used as q-vector calibration 
standards for the SAXS and WAXS data respectively. Further data analyses were performed by using 
Origin 8.5 Pro® software. In order to obtain each sample crystalline parameters, their correlation 
function, γ(r) (see Equation 14), described in detail in section 1.4, was calculated using the SAXSDAT 
software 98. Prior to the correlation function calculation, either the last frame before crystallization 
or the first frame after melting was subtracted from the analysed frame, with the intent of removing 
the scattering intensities associated with the silsesquioxane structures.  
Figure 21 - Photographs of the experimental set-up used at BM26B-DUBBLE beamline, ESRF (France). On the 
left, it is shown the vacuum tube located in between sample environment and SAXS detector. SAXS and WAXS 




Apart from the correlation function calculation, a fitting of the I(q)q2 vs q plot was 
performed, as shown in the Figure 22 (left) example. I(q)q2 vs q plots were used to obtain ds Equation 
9) and Q (Equation 5) values (see section 1.4). For scattering peaks associated with polymer 
crystallinity, a Lorentzian model analogous to Equation 22 was used, while for scattering peaks 















, 𝑞 ≥ 𝑞𝑚𝑎𝑥
 Equation 23 
where Imax is the scattering intensity at qmax, and Δq = (Δq1+ Δq2)/0.85.  
 
WAXS data were used to investigate the mass degree of crystallinity (𝜒𝑤𝑎𝑥𝑠) variation 
during the melting and crystallization processes. To do so, the total area of the crystalline and 
amorphous peaks was used in the following expression: 
𝜒𝑊𝐴𝑋𝑆 =
(𝐴𝑃𝐶𝐿 + 𝐴𝑃𝐸𝐺)
𝑥𝑐(𝐴𝑃𝐶𝐿 + 𝐴𝑃𝐸𝐺 + 𝐴𝐴)
 Equation 24 
where APCL is the total area of crystalline peaks attributed to PCL; APEG is the total area of crystalline 
peaks attributed to PEG; AA is the amorphous peak total area, irrespective of composition, and 𝑥𝑐 is 
the mass fraction of the crystallizable moieties (excluding silsesquioxane). Figure 22 (right) shows a 
fitting example of a WAXS curve in which a Lorentzian model, analogous to Equation 22, was used 
to fit crystalline peaks and obtain APCL (orange lines) and APEG (pink lines), while and the following 
Pseudo-Voigt model to was used to fit the amorphous halo (green line) and obtain AA: 
Figure 22 - Typical fit (black lines) of the SAXS (left) and WAXS (right) organic-inorganic hybrid nanocomposite 
data (red lines) measured at ESRF. The individual contribution of each peak is also shown (green, orange and 








4(𝑞 − 𝑞𝑚𝑎𝑥)2 + 𝑤2








] Equation 25 
where A is the amplitude, 𝑤 =  
∆𝑞
0.85⁄  and 0<µ<1 in which µ is the profile shape factor for the 
linear combination of the Lorentzian and Gaussian models. It is important to mention that the qmax 
and w values of the amorphous peak was fixed throughout the thermal event (i.e. melting or 
crystallization) of interest. 
3.3.14. ATOMIC FORCE MICROSCOPY (AFM) 
AFM was performed in a NX10 (Park systems) atomic force microscope operating in 
tapping mode. Experiments were carried out in air, with a NCHR Si tip (Nanoworld) which presented 
8 nm diameter, 125 µm length and 320 kHz resonance frequency. Scanning speed was set at 0.4 to 
0.6 line s-1 with a 5 µm x 5 µm scan head range. Samples used in this experiment were exactly the 
same as the ones used in SEM, already mounted on the aluminium stubs. However, before carbon 
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4. RESULTS AND DISCUSSION 
In this chapter, results concerning the preparation, characterization, morphology and 
nanostructure of the O-I hybrid nanocomposites developed are presented and discussed. Initially, 
in subchapter 4.1, typical techniques for the O-I hybrids structural, physical-chemical and thermal 
characterization are used to demonstrate the effectiveness of the synthetic method developed in 
this work. Moreover, the results shown in subchapter 4.1 will provide evidences that the atoxic and 
solvent-free O-I hybrid synthesis developed herein is able to produce materials with similar 
properties to the ones obtained by conventional sol-gel techniques. In subchapter 4.2, the 
nanostructure of the amorphous and semicrystalline O-I hybrids are investigated in detail. Based on 
the combination of the amorphous O-I hybrids’ TEM and SAXS results, a model nanostructure to 
explain the O-I hybrids’ morphology (section 4.2.1) is proposed. Finally, in section 0, X-ray scattering 
results are used to investigate the complex multicomponent nanostructure of the semicrystalline 
O-I hybrids as well as their thermal behaviour. Part of the results presented herein is already 
published in Soft Mater 111. 
4.1. PHYSICAL-CHEMICAL PROPERTIES AND MORPHOLOGY 
In this work, a new solvent-free method to synthesize chemically cross-linked organic-
inorganic (O-I) hybrid materials was developed and is shown schematically in Figure 23 111. This new, 
simple and atoxic pathway was inspired by the mild conditions of the sol-gel methodology and 
consists of two subsequent steps. The first step is to incorporate triethoxysilyl groups, from  
(3-isocianatopropyl) triethoxysilane (IPTES), at the organic prepolymers’ (PCL and/or PEG) chain 
ends. It is noteworthy to mention that PCL and PEG organic prepolymers were studied in two distinct 
molecular weights. In this first step, carbamate bonds are formed by the reaction of the organic 
prepolymers’ (PCL and/or PEG) hydroxyl terminal groups with the IPTES isocyanate group, 
generating chemically modified polymers (PCL-IPTES and/or PEG-IPTES). On the one hand, the 
organic prepolymers are hydroxyl terminated on both ends. On the other hand, IPTES has only one 
isocyanate group. Therefore, a 1:2 (polymer: IPTES) stoichiometry was used in this first step.  
The second step consisted of the triethoxyl group hydrolysis and condensation, which 
was carried out by the addition of an acid solution (1 wt.% HNO3) in a 1:6 (polymer: acid) 




which gaseous ethanol evolves and silanol groups are generated at the organic polymer chain ends; 
and the silanol condensation, in which Si-O-Si bridges, that act as cross-linkers to the polymeric 
chains, are formed. Silanol formation is the limiting step to the organic moiety cross-linking by the 
inorganic moieties, since Si-O-Si formation is spontaneous.  
 
ATR-IR was used to monitor the reaction evolution over time. Figure 24 shows the first 
and last spectra taken during PCL (left) and/or PEG (right) chain end modification (hydroxyl to 
triethoxysilyl), as well as the last spectra taken after the triethoxysilyl hydrolysis-condensation. 
Samples investigated in Figure 24 resulted in the binary cross-linked O-I hybrids, which were 
synthesized for comparison. Table 2 shows the ATR-IR band assignment. As can be verified, in all the 
cases the chain end modification was successful, as the complete consumption of the isocyanate 
group at the IPTES propyl end, as well as the carbamate bond formation were both observed 8 h 
after IPTES addition 49. Triethoxysilyl hydrolysis-condensation (coloured curves) was also confirmed. 
Hydrolysis was confirmed by the absence of a Si-O-C band, as well as the presence of a small and 
broad Si-O-H (silanol) band 112. The presence of a silanol-specific band shows that either 
condensation did not occur, or it was incomplete. Nevertheless, the multiple overlapping and broad 
Figure 23 - Schematic and simplified demonstration of the solvent-free in situ syntheses of silsesquioxane 
structures within bicomponent matrices made up of PCL and PEG. PCL-IPTES and PEG-IPTES are the chemically 




Si-O-Si bands, show that silanol condensation did in fact occur and, therefore, was incomplete 113. 
Literature attributes the occurrence of multiple Si-O-Si bands to the presence of distinct 
silsesquioxane structures 72,114.  
 
 
 Band (cm-1) Assignment 
3526 -OH stretching 
3338 -NH stretching (urethane) 
2930 -CH stretching (PCL) 
2865 -CH stretching (PEG 
2274 -CN stretching (IPTES) 
1720 -C=O stretching (carbamate)  
1530 -N-H bending (carbamate) 
1200-1000 -Si-O-Si stretching 
912 -Si-O-H stretching 
770 -Si-O-C stretching 
Figure 24 - ATR-IR follow-up of the binary O-I hybrid syntheses: Reaction start (0 h); end of the first step (8 h) 
and final product (bottom coloured curves). 




At last, ATR-IR may also be used to qualitatively confirm the occurrence of both PCL and 
PEG at the organic moiety of the ternary O-I hybrids. As can be seen in Figure 24, both the  
2930 cm-1 and 2865 cm-1 bands are present in both PCL and PEG, however with reversed relative 
intensities. At the ATR-IR spectra of the ternary O-I hybrids, such as the ones shown in Figure 25,  
the distinct relative intensities of the CH stretching bands (2930 cm-1 and 2865 cm-1) indicate that 
both polymers are present. In Figure 25, and throughout this section, for the sake of clarity, only the 
results related to PCL24-PEG24/SS52 and PCL39-PEG39/SS22 ternary O-I hybrids are shown.  
PCL24-PEG24/SS52 was prepared by using equal masses of low Mw PCL and PEG prepolymers, while 
PCL39-PEG39/SS22 was prepared by using high Mw PCL and PEG prepolymers. These samples were 
chosen due to the fact that they represent the properties of all the ternary O-I hybrids. Additional 
noteworthy information provided by the samples not shown herein, lies solely on the fact that by 
varying the PCL/PEG weight ratio, the 2930 cm-1 and 2865 cm-1 band intensities changed accordingly, 
suggesting that ATR-IR could be used to verify the ternary O-I hybrids composition. 
  
Due to the evidences provided by the ATR-IR results that multiple silsesquioxane 
structures may occur, solid-state 29Si NMR was performed. Figure 26 shows that in fact, in all cases, 
silicon occurred in distinct molecular arrangements throughout the samples. Moreover, the results 
also showed that the organic prepolymer’s Mw, rather than their chemical structure, was significant 
to determining which silsesquioxane structures could be formed. This may be verified by the fact 
that all O-I hybrids made up of low Mw prepolymers (Figure 26, left) show the same  
Figure 25 - ATR-IR spectra of the ternary organic-inorganic hybrid nanocomposites made up of low Mw  




29Si NMR profile. The same is also true for the high Mw prepolymers (Figure 26, right).  O-I hybrids 
made up of low Mw prepolymers presented two distinct signals, T2 and T3 (see section 1.2), while  
O-I hybrids made up of high Mw prepolymers presented three distinguishable signals, T1, T2 and T3. 
Moreover, the lack of signals in the -40 ppm region, showed that in all cases 100% of the Si atoms 
were involved in at least one Si-O-Si bond 115. Assuming that each Si atom is effectively linked to a 
polymeric chain, a Si atom can only be involved in either one (T1; -48 ppm), two (T2; -58 ppm) or 
three (T3; -65 ppm) Si-O-Si bonds. Therefore, in the case of T1 and T2 atoms, hydroxyl groups (i.e. 
silanol) complete the Si valence shell (see section 1.2), as it is widely reported 72 and also shown by 
the ATR-IR results.  
 
The signal integration of HPDEC MAS 29Si NMR curves allows quantitative information 
concerning atomic ratio. Therefore, it is possible to estimate the degree of condensation, CY, of the 
samples through the following equation: 
CY =  
(1𝑇𝐴%
1 ) + (2𝑇𝐴%
2 ) + (3𝑇𝐴%
3 )
3
 Equation 26 
where T1A% is the area percentage of the peak attributed to T1 Si atoms, T2A% is the area percentage 
corresponding T2 Si atoms and T3A% is the area corresponding to T3 Si atoms. CY is an estimate of the 
amount of ethoxy groups that were effectively converted into Si-O-Si cross-links.  In O-I hybrids with 
low Mw prepolymers, CY revolved around 87% and fluctuations between samples were within 
experimental error.  
Figure 26 - Solid-State 29Si NMR of the organic-inorganic hybrid nanocomposites made up of low (left) and 




Conversely, in O-I hybrids with high Mw prepolymers, CY revolved around 72%. In this 
case, not only variations within samples were significant (see Figure 26), but also PCL80/SS20 showed 
an abnormally large T1 abundance (18%), which lead to a smaller T3 abundance (15%). The PCL 
prepolymer used as the organic moiety for the PCL80/SS20 O-I hybrid preparation has the highest Mw 
of all prepolymers (see section 3.1). At that Mw range, it is expected that significant viscosity increase 
occurs with small Mw increase 104. Therefore, it is possible to conclude that viscosity is the 
predominant factor governing the cross-linking yield. This is due to the fact that increased viscosity 
impairs the most thermodynamically stable silsesquioxane structures (silsesquioxane cages 
containing 100% T3 Si atoms 72) to be formed, due to the chain ends mobility restrictions imposed.  
Based on the CY, calculated from Equation 26, and the reaction media composition, 
shown in Table 1 (see section 3.2.1), estimates of the O-I hybrid nanocomposite weight ratios were 
obtained and are shown in Table 3Table 4. However, these estimates do not take into consideration 
the unusually low soluble fraction values (Ws), obtained by Soxhlet extraction and shown in Table 4, 
due to the fact that it is not possible to determine which component was, in fact, extracted during 
the experiment. Ws results show that irrespective of molecular weight or chemical composition, O-
I hybrid nanocomposites were insoluble and, therefore, effectively cross-linked. The PCL-based 
binary O-I hybrids showed the lowest soluble fractions in both sets of samples (made up of low or 
high Mw prepolymers), while the ternary O-I hybrids showed increased soluble fractions in 
comparison with their corresponding binary O-I hybrids. This is an indication that in addition to the 
triethoxysilyl chain end mobility, the chain end miscibility in the organic moiety also plays an 
important role in cross-linking efficiency.  
  Sample Weight ratio  
  PCL PEG SS 
Amorphous PEG45/SS55 0.00 0.58 0.42 
PCL9-PEG37/SS54 0.11 0.48 0.41 
PCL19-PEG28/SS53 0.24 0.36 0.40 
PCL24-PEG24/SS52 0.31 0.30 0.39 
PCL29-PEG20/SS51 0.37 0.25 0.38 
PCL40-PEG10/SS50 0.50 0.11 0.37 
PCL52/SS48 0.65 0.00 0.35 
Semicrystalline PEG75/SS25 0.00 0.83 0.17 
PCL39-PEG39/SS22 038 0.48 0.14 
PCL80/SS20 0.87 0.00 0.13 





The O-I hybrid nanocomposites developed in this work were seen to be flexible self-
standing films, which are shown in Figure 27. All the materials showed air bubbles visible to the 
naked eye, which were formed by ethanol evolution during triethoxysilyl hydrolysis-condensation. 
Nevertheless, most of them were transparent in spite of the bubbles. Transparency is the most 
compelling evidence that most O-I hybrid nanocomposites were amorphous. Conversely, the 
opaque PCL80/SS20 and PCL39-PEG39/SS22 samples have proven to be less flexible and more brittle 
than the remaining samples. This is a strong indicative that significant amount of polymer crystals 
are also present in those particular samples. In addition, most samples physical aspects remained 
unchanged after Soxhlet extraction, indicating that mild heating did not impact significantly on their 
physical-chemical properties. However, this latter conclusion was not valid to the PEG75/SS25 
sample, which became opaque after extraction. Probably, this is due to the occurrence of an 
isothermal crystallization due to the mild heating conditions of the extraction experiment. These 
assumptions, made on the basis of the physical aspect of the samples, were confirmed by the DSC 
curves shown in Figure 28. The second heating DSC results are shown in Table 4. 
Sample Ws (wt.%) DHP (g cm-3) Wr (wt.%) Tg* (°C) Tm*(°C) Tc ** (°C) 𝝌𝑫𝑺𝑪
* 
PEG45/SS55 9.2 1.05 ± 0.01 23 -23 - - - 
PCL24-PEG24/SS52 15.5 1.06 ± 0.02 21 -34 - - - 
PCL52/SS48 3.7 1.14 ± 0.01 22 -19 - - - 
PEG75/SS25 11.3 1.38 ± 0.01 11 -53 33   -6 0.43 
PCL39-PEG39/SS22 12.1 1.54 ± 0.02 11 -53 28    8 0.38 
PCL80/SS20 6.3 1.29 ± 0.01 10 -42 48 -12 0.37 
* Data taken from the second heating. ** Data taken from the cooling. 
 
 
Figure 28 shows the first heating, cooling and second heating DSC curves of the two sets 
of O-I hybrids prepared. O-I hybrids of low Mw prepolymers are on de top, while the O-I hybrids of 
high Mw prepolymers are on the bottom. The only noticeable feature that these two sets of 
Table 4 – Thermal and physical-chemical properties of the O-I hybrid nanocomposites. 
Figure 27 - Photographs of the two sets of O-I hybrids nanocomposites: transparent O-I hybrids made up of 




materials do share is an endothermic event present at around 125 °C (first heating; left) when the 
hydrophilic PEG moiety is present at the O-I hybrid composition. This may be attributed to the 
evaporation of entrapped ethanol and/or absorbed water and was also observed at the 
thermogravimetric analyses (TGA) shown in Figure 29. PCL80/SS20 and PCL52/SS48 samples did not 
show the endothermic event at 125 °C in the DSC analysis, nor the first degradation event in TGA 
due to their increased hydrophobicity, which impairs water and/or ethanol entrapment.  
 
Apart from this, Figure 28 also showed that O-I hybrids with low Mw prepolymers (top) 
were all amorphous, while O-I hybrids with high Mw prepolymers (bottom) were all semicrystalline. 
Moreover, irrespective of crystallinity all O-I hybrids exhibit a single glass transition temperature 
Figure 28 - DSC curves of the organic-inorganic hybrid nanocomposites. First heating (left), cooling (middle) 
and second heating (right). O-I hybrids of low Mw prepolymers are shown on the top and O-I hybrids of high 




(Tg). O-I hybrids with low Mw prepolymers, exhibit a Tg (see Table 4) which is at least 30 °C higher 
than the original Tg of the PCL (Tg  ≈ - 60°C) and/or PEG  (Tg  ≈ - 50°C) organic prepolymers. This is 
direct evidence of the mobility restrictions imposed by the silsesquioxane cross-link. In contrast, the 
Tg of O-I hybrids with high Mw prepolymers was very similar to that of the PCL and/or PEG 
prepolymers, indicating that in this case the silsesquioxane cross-linking does not impose severe 
mobility restrictions to the amorphous phase. This is probably due to the prepolymers Mw increase 
that leads to an approximate 3-fold decrease on the silsesquioxane content.  
 
Figure 29 - Thermogravimetric curves of the O-I hybrids made up of low Mw prepolymers (left) and made 
up of high Mw prepolymers (right). 
 
Even though all O-I hybrids with high Mw prepolymers were semicrystalline, PEG75/SS25 
was also transparent (see Figure 27). PEG75/SS25 transparency is probably due to the low degree of 
crystallinity at the first heating (see Figure 28). Binary and ternary semicrystalline O-I hybrids 
showed lower melting (Tm) and crystallization (Tc) temperatures than both PCL (Tm ≈ 60 °C;  
Tc ≈ 35 °C) and PEG (Tm ≈ 70 °C; Tc ≈ 45 °C) prepolymers. These reductions show that cross-linking 
occurrence disturbs the crystallization kinetics significantly, despite the amorphous phase being 
unaffected. Moreover, it is noteworthy to mention that the melting enthalpies might be strikingly 
different from the first heating to the second heating.  
Typically, literature attributes the cross-linking and transparency of O-I hybrid 
nanocomposites to the formation of siloxane clusters, which are smaller than the visible light 
wavelength and, therefore, do not scatter it. According to literature, these siloxane clusters are the 
network nodes that bind the polymeric chains together in a homogeneous network and are 
expected to have low Mw, being polysilsesquioxane oligomers 95. Park et al. 113 described that low 




silsesquioxanes remain as residues. Therefore, based on the estimate sample composition (Table 3) 
and the weight measured by TGA (Figure 29; Table 4, Wr), it is possible to conclude that both low 
and high Mw silsesquioxane structures might be present simultaneously at the amorphous O-I 
hybrids, while the semicrystalline O-I hybrids are mainly composed of high Mw polysilsesquioxane. 
Ultimately, the results gathered up to now suggests that there may be distinct 
silsesquioxane molecular structures present simultaneously at the O-I hybrids nanostructure. Figure 
30 shows a suggestion of the possible high and low Mw silsesquioxane chemical structures that 
might be present within the O-I hybrids. Based on the solid-state 29Si NMR results (see Figure 26), it 
is possible to suggest that amorphous O-I hybrids are rich in the low Mw silsesquioxane cages, since 
T3 is the predominant Si atom conformation in those samples. Conversely, random 
polysilsesquioxane is expected to be the major silsesquioxane structure at the semicrystalline O-I 
hybrids, due to the occurrence of T1 Si atom as well as the high T2 content. It is important to point 
out that, based on the thermograms, within a single set of O-I hybrids, the proportion between low 
and high Mw silsesquioxane structures can be considered unchanged, despite the organic moiety 
composition, since the residual weight percentage is constant within samples.  
 
Table 4 also shows the O-I hybrids density (dHP), measured by helium picnometry, which 
is another important physical-chemical property. Results showed that the amorphous O-I hybrids 
(made up of low Mw prepolymers) presented densities smaller than the semicrystalline O-I hybrids 
(made up of high Mw prepolymers), and also smaller than the PCL and PEG prepolymers  
(1.10 g cm-3 and 1.12 g cm-3, respectively). On the one hand, the amorphous O-I hybrids’ low density 
is most likely due to the increase in free volume, provided by the mobility restrictions imposed by 
the cross-linking. On the other hand, the comparatively large semicrystalline O-I hybrids density is 
possibly a result of the combination of dense silsesquioxane structures with the organic moiety 
Figure 30 - Possible chemical structures of the in situ synthesized silsesquioxanes in which X represents either 




crystallization. The absence of density increments in the amorphous O-I hybrids, in comparison with 
the organic prepolymers, in spite of the occurrence of denser silsesquioxane structures suggests 
that there is little to none silsesquioxane long-range ordering (i.e. packing), since in these samples 
the silsesquioxane content is close to 50 wt.%. Conversely, the significant density increments shown 
in the semicrystalline O-I hybrids suggests that either these two sets of O-I hybrids do not share the 
same inorganic moiety composition (in terms of silsesquioxane structure distribution), or else that 
the Si-O-Si cross-link leads to more closely packed crystalline phases and, therefore, a material 
denser than the original organic prepolymers. 
Up to now, the organic moiety composition does not seem to significantly affect the  
O-I hybrids properties. Nevertheless, it is important to remember that the PCL and PEG prepolymers 
thermal properties are already similar (see section 1.1), which could explain the lack of composition 
effect on the O-I hybrids thermal properties. However, one must also remember that PEG is the 
hydrophilic polymer, while PCL is the hydrophobic one. Therefore, it is expected that their effect on 
properties such as water uptake should be markedly distinct. Figure 31 shows the O-I hybrids water 
uptake as a function of time. In equilibrium, there is a clear swelling dependency with PEG content. 
The PEG prepolymer Mw also seems to be a significant factor for O-I hybrid swelling, since the 
PEG45/SS55 water uptake is smaller than the PCL39-PEG39/SS22 water uptake. The swelling 
dependency on Mw is due to the fact that the length of the molecular chain in between nodes is 
higher and, therefore, the cross-linking density is smaller. Smaller cross-linking density allows 
increased mobility in between nodes and, as a consequence, increased swellability. Finally, it is 
important to mention that all samples preserved not only their spatial dimensions but also their 
physical aspect throughout the whole experiment. The spatial dimensions preservation irrespective 
of water uptake associated with the water uptake dependency with PEG content provides basis for 
the development of new implantable devices made up of the O-I hybrids developed herein. 
Another important swellability feature may be observed by accompanying the 
amorphous ternary O-I hybrids’ water uptake as a function of time (Figure 31, left). Increasing 
PCL/PEG weight ratio up to equal masses of PCL and PEG (PCL24-PEG24/SS52) the water uptake 
reaches a maximum value. Interestingly, by increasing PCL content even further, samples began to 
show significant weight loss if left immersed in water after equilibrium (more than 4 hours). This 
could be associated with PCL hydrolysis 116. Typically, PCL degrades through a surface erosion 




permeation and, as a consequence, PCL bulk degradation, which generates weight loss. This ability 
to induce biodegradation, or else to tailor the degradation rate, provides further basis for the 
development of biomedical devices. However, it is important to point out that this phenomenon 
was not observed for the semicrystalline O-I hybrids.  
 
Figure 32 shows the SEM micrographs of the PCL24-PEG24/SS52 (amorphous; left) and 
PCL39-PEG39/SS22 (crystalline; right) cross-sections. SEM micrographs were taken at the 
cryoultramicrotomed cross-sections to enable the visualization of nanosized features in a flat 
surface without artefacts induced by the cryogenic fracturing. It is possible to observe that the 
amorphous and semicrystalline O-I hybrids are quite distinct in terms of morphology.  
PCL24-PEG24/SS52 is totally flat at the micron-scale and resembles a starry sky, with bright spots 
uniformly distributed throughout the imaged area. The morphology observed herein resembles 
previous reports for other O-I hybrids 71,117 and suggests that amorphous and ternary O-I hybrids 
are homogeneous at the micron and macro scale, with no evidences of micrometric phase 
separation. Conversely, the PCL39-PEG39/SS22 micrograph shows round-shaped regions surrounded 
by small micrometric platelets, which are perpendicular to the imaging plane. Even though the 
cross-section was cryoultramicrotomed, the charge accumulation observed in these platelets show 
that they are much higher than the rest of the sample, as if they had been expelled from the bulk. 
This phenomenon highlights the existence of mobile species within the semicrystalline O-I hybrids 
nanostructure. Moreover, the occurrence of the round-shaped areas suggest that phase separation 
might also occur.  
Figure 31 - Water uptake as a function of time: amorphous O-I hybrids on the left and semicrystalline  





In order to acquire further knowledge on the topic, the same O-I hybrid samples were 
also imaged using AFM. Figure 33 shows the topography (left) and phase (right) images from AFM 
tapping mode. At the PCL24-PEG24/SS52 (middle) topographic image, two distinct regions are verified. 
The left region is attributed to the accumulation of a soft material expelled from the bulk. This 
attribution is made based on the fact that micrometric phase separation would promote visible light 
scattering and PCL24-PEG24/SS52 is transparent. The presence of mobile species might be attributed 
to the soluble fraction (see Table 4) since the binary O-I hybrids made up solely of PCL (low or high 
Mw), which show extremely low soluble fractions, did not present evidences of exudation.   
The PCL39-PEG39/SS22 (top left) topographic image does not show any special features. 
However, a height variation of around 300 nm is verified in this sample. In this case, height variation 
is much higher than the thickness of the ultrathin slices cut from that cross-section (≈ 45 - 60 nm). 
This elevated roughness is probably due to sample deformation, which is a consequence of the room 
temperature being well above the semicrystalline O-I hybrid Tg (see Table 4). Deformation evidences 
that the cross-linked network formed at the PCL39-PEG39/SS22 O-I hybrid is loose and, therefore, 
flexible. Conversely, similar roughness is not observed at the PCL80/SS20 (Figure 33, bottom) and the  
PCL24-PEG24/SS52 (Figure 33, middle) samples, even though their Tg are also well below room 
temperature. This result shows that the hybrid networks formed at the PCL80/SS20 and the  
PCL24-PEG24/SS52 O-I hybrids are much tighter than the latter. On the one hand, PCL24-PEG24/SS52 
network tightening may be attributed to the elevated silsesquioxane content that significantly 
increases cross-linking density, improving resiliency and turning the material less prone to 
deformation. On the other hand, PCL80/SS22 network tightening is attributed to an elevated degree 




of crystallinity (see Figure 28), that stiffens the polymer chains between network nodes, hardening 
the material.  
 
Figure 33 - Topography (left) and phase (right) images of tapping-mode AFM in a 5µm x 5 µm area of the  





Apart from the topographic images, Figure 33 also shows the O-I hybrids phase images. 
Phase and topographic images are taken simultaneously. If on the topographic image the colour 
scale describes height variations, at the phase images the colour scale shows variations in the 
sample-tip interaction. Topography and phase do not directly correlate, since sample-tip interaction 
is only affected by compositional changes (i.e. distinct phases) 118. PCL80/SS20 (bottom) phase image 
shows a single phase and reveals a spherulitic-like morphology. This result indicates that the 
crystalline structure at the PCL80/SS20 O-I hybrid overpowers the morphology and, possibly, governs 
the mechanical behaviour of the material. Moreover, there are no evidences of silsesquioxane 
phase separation at the micron scale. PCL24-PEG24/SS52 (middle) phase image shows a flat, rigid and 
homogeneous matrix from which a soft phase arises (the exudate). The matrix does not show 
evidences of phase separation of any kind. In contrast, the PCL39-PEG39/SS22 phase image shows two 
distinct phases, since brighter and darker areas ranging from few micrometres to a few hundred 
nanometres can be clearly distinguished. A clear interface is also observed. Even though the 
occurrence of two distinct phases is indisputable, from the phase image it is not possible to 
determine their composition, or even to infer on the silsesquioxane distribution. Nevertheless, 
based on the known PCL/PEG weight ratio (seeTable 3) and the DSC results (see Figure 28) it is 
possible to conclude that phase separation is due to the well-known PCL/PEG immiscibility (see 
section 1.1) while phase contrast is due to the crystalline phase.  
Even though AFM provided invaluable information concerning the morphology and 
phase separation of the investigated materials, it does not offer any insight on the Si distribution. 
Possibly due to the low resolution. Nevertheless, TEM might bring up valuable information on this 
topic. Figure 34 shows the TEM micrographs of ultrathin sections cut from the same cross-sections 
investigated earlier. In TEM, contrast is related to atomic number and electron density fluctuations 
(see section 1.3). Due to the fact that PCL and PEG average atomic number variation is minimal, the 
dark spherical domains shown in the PCL24-PEG24/SS52 TEM micrograph (top left), that corresponds 
to the bright spots shown in the SEM micrograph (Figure 32 left), can only be attributed to 
silsesquioxane. TEM results showed that even at the nanometric scale, the organic moiety of the 
amorphous and ternary O-I hybrids is homogeneous. However, with silicon-rich spherical domains 
uniformly distributed throughout the bulk. Conversely, the semicrystalline PCL39-PEG39/SS22  
O-I hybrid’s TEM micrograph (top right) shows an obvious phase separation, which is also in 
agreement with the SEM and AFM conclusions. In addition, the smaller  length scale and the absence 




also present at the semicrystalline O-I hybrids and the PCL39-PEG39/SS22 shows silsesquioxane 
domains on both phases. 
 
Silsesquioxane occurrence on both phases of the semicrystalline PCL39-PEG39/SS22  
O-I hybrid confirms that phase separation is due to the organic prepolymers immiscibility and that 
both phases have an organic and an inorganic moiety. However, it does not allow phase assignment 
to either PCL/SS or PEG/SS. To shade light on this matter it is necessary to look at the binary 
PCL80/SS20 and PEG75/SS25 O-I hybrids TEM micrographs (Figure 34, bottom), from which the phase 
assignment becomes obvious. PEG/SS phase is the most heterogeneous, with silsesquioxane 
domains aggregated in large fractal-like structures. In contrast, PCL/SS phase is homogeneous, with 
Figure 34 - TEM micrographs of the PCL24-PEG24/SS52 (top left), PCL39-PEG39/SS22 (top right) PEG75/SS25 (bottom 




much smaller silsesquioxane domains (few nanometres in diameter) that are uniformly distributed. 
Nevertheless, the marked PCL80/SS20 crystallinity, which is observed at both AFM and TEM, is not 
observed at the ternary PCL39-PEG39/SS22 O-I hybrid. This could either be due to a lower PCL degree 
of crystallinity at the semicrystalline and ternary O-I hybrid or to the higher contrast at the ternary 
sample, which is promoted by the larger and denser silsesquioxane structures at the PEG/SS phase. 
At last, it is important to point out that even though a defined interface between the hybrid phases 
can be observed and each phase is reasonably free of contamination by the other, phases are well 
adhered. This result shows that there is limited interaction between the micrometric phases, even 
though they are chemically bonded to each other. Moreover, it explains the lack of PCL degradation 
during the water swelling experiments (see Figure 31).    
With the intention of further investigating silicon distribution between the bright and 
dark regions of the PCL24-PEG24/SS52 and the PCL39-PEG39/SS22 samples, electron energy loss spectra 
(EELS) and electron spectroscopic images (ESI-TEM) were taken. Figure 35 shows the EELS spectra 
taken at the region from which the ESI-TEM images, shown in Figure 36, were obtained. Both the 
amorphous (left) and the semicrystalline (right) O-I hybrids EELS spectra have clear and well-defined 
Si and C edges, indicating that both the organic and inorganic moieties occur within the imaged area 
of Figure 34. Moreover, the distinct Si/C ratio between samples (qualitatively verified by the areas 
of the corresponding edges at the EELS spectra), highlights their distinct chemical composition. An 
interesting aspect of the PCL24-PEG24/SS52 sample is the occurrence of a sharp Si L1-edge at 155 eV, 
which represents a chemical shift of 6 eV in relation to the Si L1-edge of bulk silicon. This chemical 
shift evidences that, within the investigated region, at least a fraction of the Si atoms are bonded to 
an oxygen atom in a silica-like environment 119 (i.e. (SiO1.5)n rings and cages). At the PCL39-PEG39/SS22 
spectra the Si L1-edge is not resolved; however, an unexpected S K-edge is verified at 165 eV. Sulphur 
occurrence might be attributed to antioxidants used by the PEG manufacturer to prevent polymer 





Figure 36 shows the bright field TEM (top) and the corresponding ESI-TEM (bottom) of 
the amorphous (left) and semicrystalline (right) ternary O-I hybrids. The bright regions in the bottom 
images represent Si atom location. Comparing the PCL24-PEG24/SS52 (left) images, it is clearly 
observed that Si is present throughout the whole sample; however, it is more concentrated in the 
dark domains, such as the ones highlighted by circles. This result showed that, in fact, the inorganic 
moiety was present in both matrix and nanodomains, suggesting that two distinct silsesquioxane 
molecular structures and/or phases may occur.  
PCL39-PEG39/SS22 (right) bright field TEM and ESI-TEM images were taken at the PEG/SS 
(upper area) and PCL/SS (lower area) interface. From ESI-TEM it is possible to conclude that the Si 
atoms are mainly located at the darker domains on both the PEG/SS and PCL/SS phases. This result 
suggests that the inorganic moiety is segregated from the organic moiety at the semicrystalline  
O-I hybrids. However, this is on the opposite direction from the conclusions reached for the 
amorphous O-I hybrids. It is important to point out that these opposite results could simply be a 
consequence of the lower Si concentration at the PCL39-PEG39/SS22 O-I hybrid. Therefore, in order 
to confirm the absence of Si atoms at the PCL39-PEG39/SS22 bright matrix, further EELS spectra were 
taken from the PEG/SS phase. Figure 37 shows a bright field TEM micrograph in which the analysed 
areas are highlighted. EELS spectra, also shown in Figure 37, are colour coded to aid 
correspondence. The red spectrum was taken from the bright matrix, while the orange spectrum 
was taken from the dark domains. Si L2,3-edge is clearly observed in both regions. C, N and O K-edges 
are also observed in both regions, while the S L2,3-edge is only verified at the dark domains. 
Moreover, the Si L1-edge is only observed at the brighter matrix, indicating that (SiO1.5)n rings and 
cages are present at the continuous bright matrix. These results point out to the conclusion that 




semicrystalline O-I hybrids also show two distinct silsesquioxane structures, one located at the 
matrix and another located at the dark domains. These results are in agreement with the TGA and 
solid-state 29Si NMR results.  
 
Figure 36 -Bright field TEM micrographs (top) and the corresponding silicon atom distribution map (bottom) 








Figure 37 - Bright field TEM micrograph of the PCL39-PEG39/SS22 at the PEG/SS domain and its respective 




4.2. NANOSTRUCTURE INVESTIGATION 
In this subchapter the nanostructure of both the amorphous and semicrystalline  
O-I hybrid nanocomposites are investigated by means of SAXS and TEM. However, amorphous and 
semicrystalline O-I hybrids are presented separately for clarity. The nanostructure investigation by 
means of SAXS and TEM of the whole series of amorphous O-I hybrids is shown in section 4.2.1. In 
this section a representative model that explains the nanostructure of both the binary and ternary 
O-I hybrids is developed. Conversely, in section 0 the addition of the PCL and PEG crystalline phases 
to form the semicrystalline O-I hybrids is investigated by means of temperature-dependent and time 
resolved in situ SAXS/WAXS. Crystalline phases addition increased significantly the complexity of the 
O-I hybrids’ nanostructure.  
4.2.1. AMORPHOUS O-I HYBRIDS 
The nanostructure of O-I hybrid nanocomposites is typically obtained from the 
interpretation of small-angle X-ray scattering (SAXS) data. Nevertheless, SAXS alone gives room for 
diverse interpretations and one has to know beforehand the number of phases present in the 
sample in order to correctly interpret the data (see section 1.4). Dahmouche et al. 95 were the first 
to propose a model for the nanostructure of chemically cross-linked hybrid nanocomposites 
obtained through a sol-gel route. In their work, based solely on the SAXS results, the authors suggest 
that the O-I hybrids are two-phase systems made up of organic polymer chains as matrix and 
siloxane clusters (≈0.3 nm radii) as network nodes. The authors attribute the single correlation 
distance (≈2.5 nm), found by SAXS experiments, to the length of the folded polymer chain that is 
separating the orderly distributed siloxane nodes. Up to now, this two-phase model is the most 
widely accepted description of an O-I hybrid nanostructure.  
However, the results shown in subchapter 4.1 provide compelling evidence that there 
may be multiple silsesquioxane structures composing the O-I hybrids nanostructure. Nonetheless, 
based on the TEM results, it is fair to assume that amorphous O-I hybrid nanocomposites such as  
PCL24-PEG24/SS52 could easily be reduced to a two-phase system (Figure 34). In that case, based on 
the Dahmouche et al. 95 model, the dark domains observed would be attributed to siloxane clusters. 
In order to verify this assumption, the dark domains size and distance were measured from the TEM 
micrographs. Figure 38, shows the average domain radius (left) and interdomain distances (right) 
plotted as a function of PCL weight ratio. For each sample at least 150 nanodomains were measured 




became smaller and less frequent at the nanoscale, even though there was no significant variation 
on the interdomain distance. In terms of morphology, there are still few studies available concerning 
the microscopic bulk characterization of O-I hybrid nanocomposites. Nevertheless, the results 
shown herein are in good agreement with literature, where it is frequently reported the occurrence 
of dark domains with sizes at the range of tens of nanometres up to a few microns 71,117,121.  
 
Figure 39 shows the synchrotron X-ray scattering measurements performed at the 
amorphous O-I hybrid nanocomposites. At both the small-angle and the wide-angle regions, all 
samples presented a similar scattering profile. However, it is noteworthy to mention that even after 
background subtraction and intensity normalization the PEG45/SS55 scattering intensity at the wide-
angle (WAXS) region was abnormally higher than the rest of the O-I hybrid nanocomposites. SAXS 
(left) and WAXS (right) curves of the binary and ternary amorphous O-I hybrids overlap at the  
1 nm-1 to 4 nm-1 q-range. At the very low q-region of the SAXS curves, q < 0.25 nm-1, a monotonic 
decrease of the scattering intensity, characteristic of gel-like systems, is observed, while at the 
WAXS region three Lorentzian peaks are clearly distinguished. In X-ray scattering, peaks usually 
indicate the occurrence of periodic electronic density fluctuations or orderly spaced scattering 
objects. Section 1.4 describes in detail the mathematical treatment used to extract structural 
parameters, such as ds, Rs an Lc from the observed peaks.  
Peak 1, which is observed at both the SAXS and WAXS curves, can be related to an 
approximate 2 nm correlation distance, ds (Equation 9), between scattering objects and, therefore, 
was attributed to the distance between siloxane clusters in the ordered network 14. Peak 2, only 
shown at the WAXS curve, can be linked to a correlation distance of approximately 0.7 nm and was 
attributed to electron density fluctuations due to amorphous high Mw random polysilsesquioxane. 
Figure 38 - Radius of the dark domains (left) and interdomain distances (right) measured by TEM as a function 




At last, peak 3, at a correlation distance of 0.4 nm, was attributed to the characteristic amorphous 
halo of both PCL and/or PEG 23.  
 
The correlation distance associated with peak 3 was unchanged as a function of the 
amorphous O-I hybrid composition, whereas the correlation distance associated with peak 2 
decreased linearly in relation to the PCL weight ratio. This result showed that the random 
polysilsesquioxane chemical structure is highly affected by the organic prepolymer composition. In 
contrast, the correlation distance associated with peak 1, showed a linear increase in relation to the 
PCL weight ratio. Peak 1 and peak 2 correlation distances (ds) as a function of PCL weight ratio are 
shown in Figure 40. The linear increase of the peak 1 ds value with increasing PCL content could be 
attributed to an increase in the average length of the polymeric chain between the network nodes. 
In order to verify this assumption, the Avogadro® software was used to estimate the extended chain 
lengths of the low Mw PCL and PEG prepolymers. PEG extended length was found to be 4.5 nm, 
while PCL extended length was found to be larger, 5.3 nm. PEG45/SS55 ds value was 1.9 nm while 
PCL52/SS48 ds value was 2.6 nm. Therefore, the ds values obtained herein could, in fact, be related to 
the length of the PCL and/or PEG chains, provided that chain folding in between nodes is assumed. 
In addition, this linear ds increase with increasing PCL content clearly showed that for the ternary 
and amorphous O-I hybrid nanocomposites, the cross-linked network included indistinctly both PCL 
and PEG organic prepolymers. However, it is important to point out that the ds values reported from 
the scattering data are only 15% of the interdomain distances measured by TEM (33 ± 13 nm). This 
Figure 39 - Small-angle (left) and wide-angle (right) scattering curves of the amorphous O-I hybrid 




is a clear indication that these parameters are related to distinct lengths within this system, which 
is in agreement with the results shown in section 4.1.  
 
The radii, Rs, of the scattering objects related to peak 1 were estimated by means of 
Equation 11 (see subchapter 1.4). The Rs values as a function of PCL weight ratio are shown in Figure 
41.  As it can be seen, Rs values also increase linearly with increasing PCL weight ratio and lie in the 
0.32 to 0.45 nm range. Typically, (SiO)8 closed cage radius is 0.5 nm 122. Therefore, Rs values indicate 
that the network nodes are actually silsesquioxane cages rather than amorphous siloxane clusters. 
Possibly, the increased Rs values with increasing PCL weight ratio is related to the PCL 
hydrophobicity, which could facilitate the triethoxysilyl chain ends’ mobility. As a consequence, the 
most thermodynamically stable silsesquioxane cages, which are the closed (SiO)8 cages (see Figure 
30), may be predominant at the binary PCL52/SS48 nanocomposite. Finally, similar to the ds results, 
Rs values do not show correlation with the TEM data. 
 
In contrast with ds and Rs, the coherence length (Lc) values (Equation 10; Figure 42) do 
not show a linear behaviour in relation to the PCL weight ratio. As discussed in subchapter 1.4, the 
Figure 40 - Correlation distances (ds) found for WAXS peaks 1 and 2 (see Figure 20) as a function of PCL weight 
ratio at the amorphous O-I hybrid nanocomposites. 
Figure 41 - Scherrer's radius of the silsesquioxane nodes as a function of PCL weight ratio at the amorphous 




coherence length is a measurement of the long-range ordering of the scattering objects that is based 
on the Bragg’s peak FWHM (see Figure 15; subchapter 1.4). Lc assumes that scattering objects form 
a compact arrangement (i.e. a concentrated system). Amorphous and ternary O-I hybrid 
nanocomposites showed much smaller Lc than both PCL52/SS48 and PEG45/SS55 nanocomposites. 
PCL52/SS48 has the highest coherence length (approximately 8 nm), which is attributed to the highest 
ds and Rs values.  
The significant reduction in the Lc values for the ternary nanocomposites in relation to 
the binary nanocomposites is an evidence that, in the ternary O-I hybrid nanocomposites, both PCL 
and PEG prepolymers were involved in the cross-linked network (as also shown by the ds values). 
However, due to the low PCL and PEG prepolymers’ affinity, the addition of a second polymer to the 
reaction media disturbed the network formation, resulting in smaller Lc. The relatively low Lc values 
(approximately 3 times the ds values for all samples) are an indication of a short-range order and a 
gel-like morphology, in which small grains of an ordered network (i.e. gel domains, see Figure 5) are 
isotropically arranged and collapsed together, forming a homogeneous and transparent solid. This 
gel-like structure has already been reported for other silicon-based materials such as glass 123. 
 
In this work, X-ray scattering curves were not obtained in absolute scale and, therefore, 
the invariant and the relative electron density difference between phases were calculated. Figure 
43 shows Qexp obtained from the integration of the isolated peak 1 scattering curve (see subchapter 
1.4 and subchapter 3.3.12). It is evident that Qexp follows a complex and non-linear behaviour as a 
function of PCL weight ratio. This is an indicative that the O-I hybrids developed herein cannot be 
approximated to a biphasic system. 






In order to investigate the non-linear behaviour of the invariant, the electronic density 
differences, Δρ = (𝜌𝑖 − 𝜌𝑗), were calculated based on Equation 5 (see subchapter 1.4). Assuming 
that not only all the five ternary hybrid nanocomposites own the same number of phases, but also 
that there is a single Δρ set that is a solution to all, Equation 27, was used to fit calculated invariants 
𝑄(∆𝜌) to the Qexp obtained experimentally, as a way of confirming O-I hybrids’ phase composition. 









 Equation 27 
The solution to Equation 27, in which the k subscript is a reference to the five ternary 
and amorphous O-I hybrid nanocomposites, is given by the Δρ set for which 𝑓(∆𝜌) is minimal. A 
gradient descent optimization was performed, using the built-in fminunc function in GNU Octave® 
software124, to find the minimum 𝑓(∆𝜌) and its corresponding Δρ set. Nevertheless, estimates on 
the number of phases and their respective volumetric ratio need to be provided. Initially, biphasic 
and triphasic systems were assumed. However, the overall 𝑄𝑘(∆𝜌) fit, as a function of PCL weight 
ratio, was not good and elevated squared residues were found. Conversely, the fit of a four-phase 
system (see Figure 43) was found to be satisfactory. This four-phase system consisted of high Mw 
polysilsesquioxane nanoparticles (NP), silsesquioxane cages (SC), cross-linked polymer (CP) and 
unbound polymer (UP) and was reached through the following equation:  
Q(∆𝝆) =  2𝜋2
[∅𝑢𝑝∅𝑐𝑝(𝜌𝑢𝑝 − 𝜌𝑐𝑝)
2
+ ∅𝑢𝑝∅𝑛𝑝(𝜌𝑢𝑝 − 𝜌𝑛𝑝)
2





+ ∅𝑐𝑝∅𝑠𝑐(𝜌𝑐𝑝 − 𝜌𝑠𝑐)
2
+ ∅𝑛𝑝∅𝑠𝑐(𝜌𝑛𝑝 − 𝜌𝑠𝑐)
2
]
         Equation 28 
where φ and ρ are, respectively, the volumetric ratio and the electronic contrast of each phase.  
Table 5 presents a summary of the volumetric fractions used in Equation 28 to fit 
Equation 27 to Qexp. Based on the results presented in subchapter 4.1, the only soluble component 
Figure 43 - Amorphous O-I hybrid nanocomposites measured (QEXP) and calculated (𝑸𝒌(∆𝝆))  invariants as a 




in this system is the unbound polymer, described by the Soxhlet experiments. Therefore, the soluble 
fractions shown in Table 4 were directly converted into the unbound polymer’s volume fraction 
(Φup). The difference between the overall volume fraction of organic polymers (PCL+PEG) and Φup 
was assumed to be the cross-linked polymer’s volume fraction (Φcl). In order to determine the two 
remaining volume fractions (Φnp, Φsc), the average silicon atomic ratio found in the 29Si NMR analysis 
(Figure 26), was converted into volume ratio. For that, it was necessary to approximate that all Si 
atoms present in the cross-linked matrix (silsesquioxane cages) are T3 type and all Si atoms present 
in the polysilsesquioxane nanoparticles are T2 type. 
Sample Volume fraction 
 up cp np sc 
PEG/PSS 0.082 0.338 0.238 0.348 
PCL1-PEG4/PSS 0.056 0.374 0.226 0.344 
PCL2-PEG3/PSS 0.067 0.379 0.220 0.333 
PCL1-PEG1/PSS 0.140 0.314 0.217 0.329 
PCL3-PEG2/PSS 0.074 0.387 0.214 0.325 
PCL4-PEG1/PSS 0,069 0.407 0.208 0.316 
PCL/PSS 0.034 0.459 0.169 0.338 
 
It is important to highlight that for the gradient descent optimization method performed 
in this work only the ternary hybrids were considered. Moreover, in the four-phase model, the final 
sum of the minimum squared residues was 36 while in the biphasic and triphasic models it was 
around 200 or above. The Q(ρ) values found by the four-phase model are also shown in Figure 43, 
while the relative electronic densities for each phase are shown in Table 6. From these results, the 
strongest relative contrast found is between the cross-linked polymer and the silsesquioxane nodes 
(ρsc - ρcl), which is in agreement with the experimental data and the two-phase model usually shown 
in literature 95, but not with the TEM micrographs. The main reason for this apparent contradiction 






Based on these findings, a model for the nanostructure of these solvent-free and 
amorphous O-I hybrid nanocomposites is proposed in Figure 44. The cross-linked hybrid network 
Table 5 - Volume fractions used in the estimation of the electron density differences. 




forms grains, whose average size is given by Lc. Gel grains are isotropically distributed throughout 
the matrix and within these grains, the silsesquioxane cages (red squares) are orderly spaced by the 
cross-linked polymeric chains (blue lines). High Mw polysilsesquioxane is segregated into spherical 
nanoparticles (pink spheres). The unbound polymer (purple lines) may be found either entrapped 
between the network grains or in the nanoparticle-matrix interface, in which case the unbound 
polymer’s chain-ends can act as compatibilizer. PCL and PEG chains are undistinguishable and 
randomly distributed between the two organic phases.  
 
Finally, complementary SAXS measurements, shown in Figure 45, were performed with 
the intent of acquiring further evidences to support this nanostructural assumption. As mentioned 
earlier, the low-q region of the SAXS curves (Figure 39) already pointed out to the conclusion of a 
Figure 44 - Schematic representation of the morphology and nanostructure of the amorphous binary and 
ternary O-I hybrid nanocomposites, extracted from da Silva et al. 111, in which the cross-linked polymer and 
the silsesquioxane nodes form ordered structures that nucleate and grow isotropically into grains that 




gel-like behaviour. However, the temperature-dependent SAXS experiments (Figure 45) showed 
that the monotonic intensity decrease at this low-q region, which is attributed to the gel-like 
morphology, remained unchanged throughout the whole experiments. This result showed that the 
gel-like morphology is most likely preserved even at 200°C, indicating that the amorphous O-I 
hybrids’ nanostructure is stable. Moreover, this results also showed that the gel-like structure is in 
a higher volumetric ratio than the high Mw random polysilsesquioxane nanoparticles, since the form 
factor of the nanoparticles is overpowered by the gel scattering, even at high temperatures.   
The temperature-dependent SAXS experiments also showed an unexpected result: a 
strong and temperature-dependent intensity change at the peak 1 region (1.5 ≤ q ≤ 3.5 nm-1). 
Noticeable intensity changes were not followed by changes in peak position or FWHM (i.e. ds or Lc 
variations). This result shows that the network structure within the gel-like grains is not affected by 
temperature variations. However, the strong intensity changes in the peak 1 region suggests the 
existence of mobile structures within the ternary O-I hybrid nanocomposites, even at the 
nanometric length scale, or else that strong temperature-dependent variations in the electronic 
density of the phases occur. In conclusion, the advanced morphological characterization of the 
ternary O- hybrids showed that, in spite of the homogeneous macroscopic morphology, binary and 
ternary amorphous O-I hybrids having low Mw PCL and/or PEG prepolymers at the organic moiety 




Figure 45 – Three-dimensional (left) and contour (right) plots showing the evolution of the SAXS curves of the 
PCL24-PEG24/SS22 sample as a function of time. Orange lines are used to point the beginning or end of the 




4.2.2. SEMICRYSTALLINE O-I HYBRIDS 
In bulk methods are an excellent alternative not only for the production of biomedical 
devices, but also for the production of all sorts of sustainable devices, due to the absence of both 
solvent and residues. However, in these solvent-free syntheses the number of parameters that may 
be used to control the devices’ final properties is limited. In terms of temperature, the cross-linked 
materials developed herein allowed a limited temperature range to be used, due to the proximity 
of the melting and degradation temperatures for both PCL and PEG. In terms of catalyst, biomedical 
applications limit the possibilities. Moreover, literature has already shown that stoichiometric 
quantities are the most efficient “catalyst” concentrations 68,125,126. The organic 
prepolymer/inorganic prepolymer (IPTES) molar ratio may also be used to tailor device properties. 
However, it is important to consider that non-stoichiometric molar ratios may also lead to increased 
heterogeneity and increased soluble fraction. 
Therefore, the most efficient way of controlling the physical-chemical properties and 
morphology of the devices is to manipulate the organic prepolymer’s composition and their Mw. On 
the one hand, in ternary O-I hybrids made up of PCL and PEG, the organic prepolymer composition 
showed a direct relationship with both water uptake and biodegradation rates, as shown earlier in 
section 4.1. (Figure 31). On the other hand, increasing the PCL and/or PEG prepolymer Mw inevitably 
leads to changes in the volumetric fraction of both the organic and inorganic moieties, as well as to 
the crystallization of either one or both polymers, which increases the number of phases and 
complexity of these intricate O-I hybrid systems. Therefore, in order to tailor O-I hybrids physical-
chemical properties and, as a consequence, to achieve their biomedical potential, it is necessary to 
study the effect of the additional crystalline phase(s) on the overall O-I hybrids’ morphology and 
nanostructure.  
One of the challenging aspects of studying the morphology and nanostructure of 
multicomponent soft materials, such as the semicrystalline O-I hybrids developed herein, is 
determining the main crystalline structural parameters. To do so, simultaneous small-angle (SAXS) 
and wide-angle (WAXS) X-ray scattering are widely used techniques. In multicomponent systems, 
WAXS allows the assignment of melting and crystallization events to each component, as well as the 
determination of the mass degree of crystallinity ( 𝜒𝑊𝐴𝑋𝑆 ). Conversely, SAXS allows the 
quantification of nanometric parameters, such as the long period (L), the lamellar and interlamellar 




calculation. Therefore, SAXS and WAXS combination in simultaneous temperature-dependent 
experiments is a valuable alternative to fully comprehend the crystalline behaviour of complex 
and/or multicomponent systems.  
In the case of samples that combine PCL and PEG, with some exceptions28, SAXS results 
usually show a single correlation distance (i.e. long period), which is generally attributed to a global 
crystalline ordering that comprises both PCL and PEG, while WAXS results show the occurrence of 
distinct PCL and PEG crystalline phases. One possible explanation for this phenomenon is given by 
Xue et al. 46 and He et al. 127: an alternating crystalline-crystalline structure (see Figure 3; section 
1.1). Another possibility to explain this behaviour is to consider these multicomponent systems as 
biphasic, due to the lack of electron density contrast between the PCL and PEG moieties in both the 
crystalline and amorphous regions 30. Nevertheless, the most widely accepted explanation in block 
copolymer systems for the single lamellar peak in SAXS experiments is that, even though PCL and 
PEG crystallize separately, sometimes even in physically separated domains, a templating effect in 
which PEG crystallizes with the same lamellae thickness as the already crystallized PCL, might be 
observed 42. However, it is noteworthy to mention that PCL and PEG crystallization behaviour in 
cross-linked matrices might also be strikingly distinct from the crystallization behaviour within blend 
or copolymer systems due to the mobility restrictions imposed by the cross-links. Nevertheless, few 
studies are available on the subject due to the increased complexity attributed to cross-linking. This 
is yet another reason why the thermal behaviour of the semicrystalline O-I hybrids investigated 
herein are relevant.  
In order to correctly interpret the semicrystalline O-I hybrids’ thermal behaviour from 
the temperature-dependent SAXS/WAXS experiments, it is important to keep in mind some of the 
results found in sections 4.1 and 4.2.1, which are summarized below:  
- DSC (Figure 28): O-I hybrids made up of high Mw prepolymers are semicrystalline. 
Ternary PCL39-PEG39/SS22 O-I hybrid nanocomposite showed two distinct melting and crystallization 
peaks, which indicates that both PCL and PEG are semicrystalline.  
- TEM (Figure 34): ternary PCL39-PEG39/SS22 O-I hybrid nanocomposite showed 
microscopic phase separation. The morphological comparison with the binary PCL80/SS20 and 
PEG75/SS25 samples, allowed to attribute each phase of the ternary PCL39-PEG39/SS22 sample to 




- ESI-TEM (Figure 36): high Mw random polysilsesquioxane nanoparticles were present 
on both PCL39-PEG39/SS22 phases as well as on both PCL80/SS20 and PEG75/SS25 binary O-I hybrids. 
- Solid-state 29Si NMR (Figure 26): semicrystalline O-I hybrids, analogously to the 
amorphous O-I hybrids, show two distinct silsesquioxane structures. 
- Soxhlet extraction (Table 4): at least 2/3 of the triethoxysilyl chain ends are effectively 
condensated into Si-O-Si bridges, which is in agreement with the condensation yields calculated 
from solid-state 29Si NMR. 
- X-ray scattering (Figure 44): amorphous O-I hybrids showed a complex four-phase 
nanostructure, elucidated in da Silva et al.111, in which PCL and PEG are indistinctly cross-linked by 
low Mw silsesquioxane cages, forming grains of a gel-like network that are collapsed together to 
form the matrix. Throughout the homogeneous gel-like matrix, unbound PCL and/or PEG, as well as 
high Mw random polysilsesquioxane nanoparticles are uniformly distributed.  
In summary, these results point out to the conclusion that semicrystalline O-I hybrids 
showed the same four-phased nanostructure found for the amorphous O-I hybrids, with the 
addition of the crystalline phase(s) and microscopic phase separation (in the case of the ternary  
PCL39-PEG39/SS22). Another noteworthy information is that, if on the amorphous O-I hybrids, the 
silsesquioxane moiety, accounts for approximately 40 wt.% of the sample, in the semicrystalline  
O-I hybrids, the silsesquioxane moiety accounts for approximately 15 wt.% of the sample. Therefore, 
the organic moiety, which is the crystallizable moiety, is the majority and the crystalline phase 
should play a significant role in the overall morphology. 
Finally, it is also necessary to carefully consider the O-I hybrids formation process in 
order to correctly interpret the temperature-dependent SAXS/WAXS experiments. Solvent-free 
syntheses require that the organic prepolymers are molten at all times. In this work, after the 
organic prepolymer´s chain ends modification by the addition of the triethoxysilyl groups, 
hydrolysis-condensation (i.e. curing), samples were left to cool naturally. During the 2 hours 
annealing time, most of the ethoxy groups had already been effectively hydrolysed into silanol 
groups (see Figure 7). However, even though most of silanol condensation into Si-O-Si cross-links 
and silsesquioxane structures had also already occurred during the natural cooling process, Si-O-Si 
condensation was still an important process. 
 If, on the one hand, during hydrolysis-condensation at 90°C the organic polymers were 




residual condensation. Moreover, for the semicrystalline ternary PCL39-PEG39/SS22 O-I hybrid 
sample, the PCL/PEG phase separation is yet another competing process. Possibly, at 90 °C the PCL 
and PEG phase separation was the dominant process, since the silsesquioxane structures formed at 
both microscopic phases (PCL/SS and PEG/SS) did not suffer with the other phase influence.  
Figure 46 and Figure 47 show the evolution of the SAXS and WAXS profiles, respectively, 
as a function of time (and temperature) in three-dimensional (left) and contour (right) plots for the 
binary PCL80/SS20 (top), PEG75/SS25 (bottom) and the ternary PCL39-PEG39/SS22 (middle) 
semicrystalline O-I hybrid nanocomposites. Contour plots show intensity in the colour scale, while 
the main temperatures are indicated on the left Y-axis. To highlight the morphology distinctions 
prior to (as prepared) and after recrystallization, Figure 48 shows a representative SAXS (left) curve 
and a representative WAXS curve (right) for each sample. As prepared samples are shown on the 
top, while recrystallized samples (after the heating and cooling experiment) are shown on the 
bottom. 
In the WAXS region, the characteristic crystalline peaks for both PCL and PEG are found. 
Moreover, both PCL and PEG characteristic crystalline peaks are present within the PCL39-PEG39/SS22 
O-I hybrid, indicating that a double crystallization process, rather than a co-crystallization process, 
occurs 128. In all cases, peaks centred at  the 15.2, 15.6 and 16.8 nm-1 q-values are attributed to the 
(110) (111) and (200) PCL crystalline planes and correspond, respectively, to the 4.1, 4.0 and 3.7 Å 
dBragg 129. Conversely, PEG crystalline planes are centred at the 13.7 nm-1 (dBragg≈ 3.8 Å ) and  
16.6 nm-1 (dBragg≈ 4.5 Å ) are attributed respectively to the (120) plane and a superposition of several 
planes 130. Possibly, the increased FWHM after recrystallization, which was verified in all cases, is 
responsible for the overlap of the 15.2 nm-1 and 15.6 nm-1 PCL peaks at the binary PCL80/SS20 sample, 
which resulted in the latter being unresolved. 
There are three distinct regions in the SAXS data. Region I shows a monotonic intensity 
decrease, whereas region III shows a broad peak. Both features are attributed to the gel-like 
morphology shown in the amorphous O-I hybrids (see Figure 39). The high intensity peaks found in 
region II are attributed to the PCL and PEG semicrystalline morphology. Analogously to the 
amorphous O-I hybrids, the qmax and FHWM values found for the broad peak in region III provided 
the correlation distance in between silsesquioxane cages as well as the average size of the gel-like 
grains. Conversely, from the high intensity peaks found in region II, a one-dimensional correlation 






Figure 46 – Three-dimensional (left) and contour (right) plots showing the evolution of PCL80/SS20 (top);  
PCL39-PEG39/SS22 (middle) and PEG75/SS25 (bottom) semicrystalline O-I hybrid nanocomposites’ SAXS curves 







Figure 47 - Three-dimensional (left) and contour (bottom) plots showing the evolution of PCL80/SS20 (top); 
PCL39-PEG39/SS22 (middle) and PEG75/SS25 (bottom) semicrystalline O-I hybrid nanocomposites’ WAXS curves 
as a function of time. Green lines are used to mark specific thermal events while the orange lines are used to 





Figure 49 shows the one-dimensional correlation functions obtained in the complete 
time/temperature scan of the X-ray scattering experiments. The one-dimensional correlation curves 
were calculated from the high intensity peaks in the SAXS region II having the scattering intensity 
related to silsesquioxane structures removed (see section 3.3.13). The qualitative analysis of the 
correlation function shows that, in all cases, it is valid to approximate these multicomponent 
systems to a biphasic model. It is interesting to highlight that neither during melting (left) nor during 
recrystallization (right) the first maximum position, which gives the L values, shows linear variations 
in the PCL39-PEG39/SS22 sample. This is a clear evidence that, even though the biphasic model fits 
well, the single peak in the ternary O-I hybrid in the SAXS region II is actually a superposition of 
distinct peaks related to two distinct semicrystalline structures. As a consequence, the crystalline 
parameters calculated from these correlation functions for the ternary O-I hybrid samples are 
Figure 48 – SAXS (left) and WAXS (right) representative curves of the as prepared (top) and recrystallized 





actually an average of the crystalline parameters of the semicrystalline PCL within the PCL/SS phase 
and the crystalline parameters of the semicrystalline PEG within the PEG/SS phase.  
 
Figure 49 - Correlation functions obtained of the PCL80/SS20 (top); PCL39-PEG39/SS22 (middle) and PEG75/SS25 
(bottom) semicrystalline O-I hybrid nanocomposites. As prepared samples are shown on the left, in which 
the red arrows indicate increasing temperature effect. Recrystallized samples are shown on the right, in 




Figure 50 shows the evolution over time of the lamellar parameters calculated for all 
samples. Table 7 shows the lamellar parameter values for the as prepared and recrystallized samples 
obtained from the one-dimensional correlation functions, shown in Figure 49. The as prepared 
binary PCL80/SS20 and PEG75/SS25 O-I hybrids showed a lamellar arrangement similar to the 
commonly reported in literature for neat PCL or PEG homopolymers (L≈ 16 nm; lc ≈ 6 nm) 30. This is 
due to the fact that a competition between Si-O-Si condensation and polymer crystallization, during 
the O-I hybrid formation, associated with the low cross-linking density (as shown earlier by the Tg 
results of Table 4) allowed the organic moieties to mostly behave as free. Conversely, significant 
decrease in both L and lc were observed in both cases, upon recrystallization. This is mainly due to 
the complete formation of the silsesquioxane structures (gel-like grains and nanoparticles) that not 
only restricted the mobility of the polymeric chains, but also promoted a steric hindrance to the 
crystal growth. The absence of annealing treatment on the recrystallized samples can also influence 
the smaller lc values found.  
 
 
Figure 50 – Lamellar parameters and degrees of crystallinity, obtained from the simultaneous SAXS/WAXS 
temperature-dependent experiments. Green lines indicate PCL melting and crystallization temperatures in 
the PCL80/SS20 sample. 𝝌𝑷𝑪𝑳  and 𝝌𝑷𝑬𝑮  denote the PCL and PEG phase contributions, respectively, to the 






Peak II       Peak III 
  lc (nm) la (nm) L (nm) XSAXS Tm*(°C) 𝝌𝑾𝑨𝑿𝑺  ds (nm) Lc (nm) 
PCL80/SS20  6.0 10.5 16.5 0.38 29 0.15  3.9 7.7 
PCL39-PEG39/SS22  5.6 7.7 13.3 0.45 25 0.18  3.2 7.7 
PEG75/SS25  6.7 10.2 16.9 0.44 23 0.09  2.8 7.0 
  
  Recrystallized 
Sample  Peak II       Peak III 
  lc (nm) la (nm) L (nm) XSAXS Tc* (°C) 𝝌𝑾𝑨𝑿𝑺  ds(nm) Lc (nm) 
PCL80/SS20  3.6 7.7 11.3 0.25 4 0.11  3.4 6.5 
PCL39-PEG39/SS22  3.8 7.6 11.4 0.34 21Ϯ/-15ϝ 0.27  2.9 7.0 
PEG75/SS25  3.3 9.4 12.7  3 0.87  2.4 7.0 
*WAXS Onset temperatures. Ϯ value refers to the PCL phase. ϝ value refers to the PEG phase. 
 
Interestingly, the as prepared ternary PCL39-PEG39/SS22 O-I hybrid nanocomposite 
showed L and lc values significantly smaller than the binary PCL80/SS20 and PEG75/SS25 samples. 
Possibly this is due to the occurrence of phase separation, which decreased the mobility of the 
polymer chains during O-I hybrid formation. As it is clearly observed from the WAXS data in Figure 
50 (bottom), PCL and PEG melted simultaneously at approximately 50°C but crystallized separately 
at 21 °C and -15 °C respectively. Therefore, in the recrystallized sample, it is possible to separate the 
PCL and PEG L-value contributions. During crystallization, initially a 12.1 nm long period was found 
from the one-dimensional correlation functions of the PCL39-PEG39/SS22, sample. This can safely be 
attributed to PCL, based on the WAXS results. When PEG crystallizes, an average long period of 11.4 
nm was found. Based on the knowledge of the PCL long period and the mass fractions of the PCL 
and PEG phases, an approximate 10.7 nm L-value can be estimated for the recrystallized PEG. This 
result could suggest that the commonly reported templating effect of the PCL crystalline phase over 
PEG crystallization was not observed herein.  
Table 7 also shows the onset melting and crystallization temperatures as well as the 
linear (𝜒𝑆𝐴𝑋𝑆 ) and mass (𝜒𝑊𝐴𝑋𝑆 ) degrees of crystallinity. In terms of temperatures, the binary  
O-I hybrids showed smaller melting temperatures (Tm) than the commonly reported for both PCL  
(≈ 60°C) and PEG (≈ 50°C) homopolymers (see section 1.1). Conversely, the crystallization 
Table 7 – Lamellar and silsesquioxane structural parameters calculated by SAXS for both the as prepared and 
recrystallized semicrystalline O-I hybrid nanocomposites. Mass degree of crystallinity (𝝌𝑾𝑨𝑿𝑺), Tm and Tc 




temperatures (Tc) were significantly reduced in comparison with PCL (≈ 35°C) and PEG (≈ 45°C) 
homopolymers. These results are in agreement with the L and lc findings and highlight the effect of 
cross-linking on chain mobility. If we compare melting and crystallization temperatures of the 
ternary O-I hybrid with the PCL and PEG homopolymers, or even PCL/PEG blends 130,131, the direct 
conclusions that could be drawn is that ternary O-I hybrids are, in fact, cross-linked. However, by 
comparing PCL Tc in the ternary O-I hybrid with the PCL Tc in the binary PCL80/SS20 sample, an obvious 
nucleation effect is observed, since PCL Tc at the ternary sample is much higher, at 21 °C. This 
phenomenon was also verified by DSC (see Figure 28). Nevertheless, it is unprecedented in 
literature. Possibly this could be due to a nucleation effect promoted by the interface. The possibility 
of interface nucleation in immiscible polymer blends has already been theoretically proven by Ma 
et al. 132. Nevertheless, it was never reported in PCL/PEG systems. In their work, Ma et al. 132 
attribute the interface nucleation to local polymer dilution at diffuse interfaces, which is the case 
herein due to the cross-linking. 
In terms of degrees of crystallinity, 𝜒𝑆𝐴𝑋𝑆 and 𝜒𝑊𝐴𝑋𝑆 have distinct physical meanings. As 
it can be observed in Table 7, 𝜒𝑆𝐴𝑋𝑆 is usually higher than 𝜒𝑊𝐴𝑋𝑆, due to the fact that the SAXS 
model does not take into consideration the amorphous polymer outside the lamellar arrangement 
(i.e. interfibrillar and interspherulitic, see Figure 16) 93. The PCL 𝜒𝑊𝐴𝑋𝑆 values are fairly unchanged 
at both the binary and the ternary O-I hybrid nanocomposites and revolves around 0.15. To further 
investigate the matter, Figure 51 shows the behaviour of the quantity QII plotted against 𝜒𝑊𝐴𝑋𝑆 for 
the binary PCL80/SS20 (top) and PEG75/SS25 (bottom) and the ternary PCL39-PEG39/SS22 O-I hybrid 
nanocomposites. As shown in Equation 29, QII, is a fraction of the invariant, Q: 
𝑄 = 𝑄𝐼 + 𝑄𝐼𝐼 +  𝑄𝐼𝐼𝐼 ≈  𝑄𝐼𝐼 +  𝑄𝐼𝐼𝐼 Equation 29 
where QI accounts for the region I contribution, QII accounts for the contribution of the high 
intensity peak in SAXS region II and QIII accounts for contribution of the broad peak in SAXS  
region III. 
In the case of PCL80/SS20, QII (closed symbols) behaves as in a typical semicrystalline 
biphasic polymer: initially increasing during melting, due to the early melting of thinner lamellae. A 
peak is observed when the crystalline and amorphous lamellae thicknesses become equal, due to 
contrast inversion 93. The same is also true for recrystallization. Initially, 𝜒𝑊𝐴𝑋𝑆 (open symbols) and 




plateau. PCL80/SS20 showed approximately the same degree of crystallinity on both thermal events 
while QII maximum value is approximately half after recrystallization.   
The QII 𝜒𝑊𝐴𝑋𝑆  quantities in PEG75/SS25 followed the same behaviour as in PCL80/SS20. 
However, after recrystallization, 𝜒𝑊𝐴𝑋𝑆 is surprisingly high, reaching 0.87, while QII reaches zero. QII 
behaviour can be understood due to the absence of a peak in region II (see Figure 48), which means 
that the dominant crystalline/amorphous lamellar structure observed in the as prepared PEG75/SS25 
sample is lost after recrystallization. Cheng et al. 48 have showed that PEG homopolymer in the  
1 000 to 5 0000 g mol-1 Mw range (polydispersity revolves around 1.05) is prone to the formation of 
an almost completely crystalline material with multiple lamellar thicknesses. The latter occur due to 
the non-integral folding of the chains within the lamellae. It is noteworthy to mention that 
silsesquioxane cages attached to the polymer chain ends can favour PEG non-integral folding. As a 
result, it is possible that scattering curves could show one or multiple peaks, however at the end of  
region II q-range and possibly overlapping with the silsesquioxane broad peak in region III. 
Finally, in order to thoroughly investigate the PCL39-PEG39/SS22 behaviour, it is 
interesting to separate the individual PCL and PEG contributions to the total degree of crystallinity, 
𝜒𝑊𝐴𝑋𝑆  (see Equation 24 and Figure 22), as shown in Figure 51 (middle). As already mentioned, 
during the melting of the as prepared samples, 𝜒𝑊𝐴𝑋𝑆 and QII behaviours for both semicrystalline 
PCL and PEG structures within the ternary O-I hybrid is analogous to their behaviour in the binary 
O-I hybrids. Moreover, PCL and PEG melted simultaneously. Conversely, upon recrystallization, 
initially PCL crystallized and, therefore, 𝜒𝑊𝐴𝑋𝑆 and QII grew until the contrast inversion, when QII 
started to decrease and 𝜒𝑊𝐴𝑋𝑆  as well as 𝜒𝑃𝐶𝐿  reached a plateau
91. Afterwards, when PCL 
crystallization was finished, PEG started to crystallize and 𝜒𝑊𝐴𝑋𝑆 and QII grew again, until it reached 
a new contrast inversion point. From then on, 𝜒𝑊𝐴𝑋𝑆 reached a new plateau in which 𝜒𝑃𝐸𝐺  reached 
maximum. From this point on QII decreases. 
After recrystallization, QII value is also significantly smaller than QII for the as prepared 
ternary O-I hybrid in comparison with the binary semicrystalline O-I hybrids. However, 𝜒𝑊𝐴𝑋𝑆  is 
significantly higher. 𝜒𝑊𝐴𝑋𝑆 increase is due to the 3-fold increase in PEG degree of crystallinity (in 
comparison with the as prepared PCL39-PEG39/SS22 sample), since PCL degree of crystallinity 
remained unchanged. It is noteworthy to mention that in spite of the 3-fold increase, PEG degree of 
crystallinity is significantly smaller than 𝜒𝑊𝐴𝑋𝑆 for the recrystallized PEG75/SS25. In block copolymers, 




could be due to phase separation 36. In summary, the analysis performed in this section showed that 
even though PCL/SS and PEG/SS phases are segregated at the ternary O-I hybrid nanocomposite, 
they have a strong influence on each other’s thermal and morphological behaviour.  
 
Figure 51  - Time dependence of the degree of crystallinity obtained by WAXS (𝝌𝑾𝑨𝑿𝑺, left axis) and the region 
II invariant (QII, right axis) of the semicrystalline O-I hybrid nanocomposites. PCL80/SS20, PCL39-PEG39/SS22 and 
PEG75/SS25 are shown on the top, middle and bottom, respectively. Green lines indicate the PCL80/SS20 offset 
melting (Tm) and crystallization onset (Tc) temperatures while orange line shows the limit between heating 




Let us now turn the focus to the silsesquioxane structures and their dependency with 
thermal events. As already discussed in section 4.2.1, peak III can be assigned to the correlation 
distance, ds, in between silsesquioxane cages, or else, to the folded chain length in between 
silsesquioxane nodes, (see Figure 44). Figure 52 shows the ds evolution over time and temperature, 
while Figure 53 shows the dependency of the Lc parameter (size estimation of the gel-like domains, 
Equation 10).  Average ds and Lc values prior to melting in the as prepared samples and after 
recrystallization are also shown in Table 7.  
 
 
Figure 52 - Evolution of the correlation distance, ds, as a function of time in the SAXS temperature-dependent 
experiments. Green lines indicate the PCL80/SS20 offset melting (Tm) and crystallization onset (Tc) 
temperatures while orange line shows the limit between heating and cooling runs. 
Figure 53 – Evolution of the length of coherence, Lc, as a function of time in the SAXS temperature-dependent 
experiments. Green lines indicate the PCL80/SS20 offset melting (Tm) and crystallization onset (Tc) 




On average, PCL80/SS20 ds was 3.9 nm in the as prepared state, 4.4 nm at the amorphous 
state and 3.4 nm in the recrystallized state. Moreover, PCL80/SS20 showed 7.7 nm gel-like grains that 
contracted to 6.5 nm in the recrystallized state. In contrast, PEG75/SS25 ds was found to be 2.8 nm 
during melting and at the amorphous state, while after recrystallization it was found to slightly 
decrease to 2.4 nm. PEG75/SS25 showed gel-like grains of approximately 7.0 nm in diameter, 
irrespective of the presence of a crystalline phase. At last, PCL39-PEG39/SS22 ds was found to be  
3.2 nm in the as prepared and molten states and decreased up to 2.9 nm in the recrystallized state. 
Finally, the ternary PCL39-PEG39/SS22 sample initially showed 7.7 nm gel-like grains that contracted 
to 7.0 nm after recrystallization. 
On the one hand, ds results are in agreement with the amorphous O-I hybrids results 
(see section 4.2.1) since, irrespective of temperature, ds increased as a function of PCL weight ratio 
within the O-I hybrid nanocomposites. As mentioned earlier, this is due to the increased Mw in 
between silsesquioxane nodes. The analysis of ds values at both the amorphous and  
the semicrystalline O-I hybrids show that even though there is a linear relationship between ds and 
the organic moiety composition, a non-linear relationship is observed between ds and the organic 
prepolymer Mw, since a 4-fold increase in Mw only promoted a 50% ds increment. This conclusion is 
valid for all three samples and could indicate that the linear relationship with PCL weight ratio was 
actually due to the overall hydrophobic character of the sample, rather than molecular weight. 
On the other hand, the Lc results do not correlate with the amorphous O-I hybrids 
results. Amorphous O-I hybrids showed Lc values equivalent to 3 times the ds values, while 
semicrystalline O-I hybrids, showed Lc values equivalent to approximately 2 times the ds values. 
Moreover, the amorphous ternary O-I hybrids, Lc values were always smaller than the amorphous 
binary O-I hybrids Lc values, which is not true for the semicrystalline O-I hybrids. These results show 
that grain size does not seem to directly correlate with neither ds nor the organic prepolymer Mw. 
Possibly, this could be due to the organic chain in between the silsesquioxane cages being expelled 
from the gel-like network structure to form the lamellar crystalline arrangement. Finally, it is 
noteworthy to mention that the crystalline phase had an influence on the gel-like grain size. 
In the molten state, ds and Lc do not change with temperature, which is in agreement 
with the amorphous O-I hybrids results. Let us now look at the invariant, Q, behaviour as a function 
of temperature. It is important to remember that the amorphous O-I hybrids showed a reversible 




biomedical applications. Figure 54 shows the evolution over time and temperature of QIII (see 
Equation 29), which is analogous to Qexp in section 4.2.1. As it may be observed, abrupt changes in 
peak QIII occur when the number of phases changes, due to either the melting or the crystallization 
processes. This is a consequence of the distinct overall sample scattering power from the crystalline 
and the amorphous states. Nevertheless, it is noteworthy to mention that PEG75/SS25 sample shows 
smoother scattering power variations, since QIII discontinuity is not observed. 
 
At the amorphous state, both PCL80/SS20 and PCL39-PEG39/SS22 samples show linear QIII 
variation upon both heating and cooling, while in the PEG75/SS25 sample, linear behaviour is only 
observed upon cooling, even though QIII is also temperature-dependent during heating. The 
reversible Q behaviour with temperature, generally observed for all samples might be either due to 
volumetric fraction variations or to contrast changes. Based on the fact that both ds and Lc are 
unchanged upon heating and cooling of the amorphous samples, it is possible to assume that the 
volumetric fractions are constant. Therefore, Q temperature-dependency might only be due to 
contrast variations. Possibly, contrast variation is a result of increased Si-O-Si bond vibrations due 
to heating, which leads to variations in electronic densities.  
The linear behaviour as a function of temperature shown for both PCL80/SS20 and  
PCL39-PEG39/SS22 at the amorphous state is an evidence that silsesquioxane structures were stable 
and did not undergo further condensation. However, it is important to remember that  
PCL39-PEG39/SS22 sample is in fact, heterogeneous, since PCL/SS and PEG/SS phases are physically 
Figure 54 – Evolution of the peak III invariant (QIII) as a function of time in the SAXS temperature-dependent 
experiments. Green lines indicate the PCL80/SS20 offset melting (Tm) and crystallization onset (Tc) 




separated (see Figure 34). Conversely, the non-linear PEG75/SS25 behaviour upon heating is an 
indication that residual condensation might occur in this sample, though locally, since no changes 
in ds or LC are observed. To support this assumption, it is important to bring out the fact that 
PEG75/SS25 showed an additional anomalous peak at the SAXS curves (see Figure 46) which is related 
to distinct chain folding lengths, that led to diverse PEG long periods and therefore to a 
heterogeneous microenvironment 28,48. Heterogeneity results in unstable silsesquioxane structures 
which further condensate upon heating in order to reach their most thermodynamically stable 
conformation. 
As a general result, in terms of morphology and nanostructure, it is possible to conclude 
that the semicrystalline O-I hybrids are governed by a semicrystalline lamellar morphology 
frequently observed in spherulitic arrangements, since the organic cross-linked polymer is the major 
volumetric fraction. Nevertheless, gel-like grains do, in fact, occur and might be located at the 
interlamellar amorphous regions as well as the extralamellar regions. High Mw silsesquioxane 
nanoparticles are mainly located at the interfibrillar and interspherulitic amorphous regions. A 
model to graphically represent semicrystalline O-I hybrids’ structure is shown in Figure 55. 
Moreover, at the ternary O-I hybrid, even though phase separation occurs, PCL and PEG showed a 
strong influence on their mutual thermal and morphological properties which is unreported for 







Figure 55 - Schematic representation of the morphology and nanostructure of the semicrystalline O-I hybrid 
nanocomposites. Gel-like grains made up of PCL and/or PEG chains cross-linked by silsesquioxane nodes are 
homogeneously distributed throughout the interlamellar, interspherulitic and interfibrillar amorphous 










Laura Caetano Escobar da Silva 





5. CONCLUDING REMARKS  
The lack of a thorough morphological characterization of O-I hybrid nanocomposites is 
the major drawback in the development of these materials for biomedical applications. In this work, 
a solvent-free and atoxic route was used to develop novel ternary O-I hybrid nanocomposites made 
up of biocompatible components (PCL and PEG). Despite the straightforward solvent-free synthesis 
and irrespective of the organic prepolymers Mw and composition, the ternary nanocomposites 
showed a surprisingly high condensation yield and convenient macroscopic properties, such as 
transparency and water uptake. Moreover, results showed that the organic prepolymers Mw was a 
determining factor in the occurrence of crystallization.  
A detailed morphological and nanostructural characterization, combining advanced 
structural characterization techniques, of the intrinsically amorphous materials revealed their 
complex multiphase gel-like morphology. TEM, as well as TGA and solid-state 29Si NMR, showed the 
occurrence of two distinct silsesquioxane phases: the low Mw silsesquioxane cages, which were at 
the network nodes, and the high Mw random polysilsesquioxane, which was segregated into 
spherical nanoparticles observed by ESI-TEM. X-ray scattering showed the presence of gel-like 
grains, which collapse together to form the matrix. In terms of morphology, intrinsically amorphous 
O-I hybrids were uniform monoliths with uniformly distributed nanoparticles. Moreover, the results 
point to the conclusion that PCL and PEG were undistinguishable.  
In terms of morphology, the semicrystalline O-I hybrids, which were made up of higher 
Mw organic prepolymers, resembled the spherulitic morphology of a semicrystalline polymer. 
Conversely, in terms of nanostructure, results indicated that the silsesquioxane structures followed 
the same trends as the amorphous O-I hybrids, however with the addition of crystalline phases(s). 
Possibly the gel-like grains (i.e. domains), containing the low Mw silsesquioxane cages, were mainly 
located in between the interlamellar amorphous spacing, while the high Mw random 
polysilsesquioxane nanoparticles were distributed throughout the interfibrillar and interspherulitic 
amorphous regions.  
Simultaneous temperature- and time-dependent SAXS/WAXS experiments were carried 
out to reveal the crystallization effect over the cross-linked O-I hybrids’ nanostructure and showed 
that the crystalline behaviour of the samples is strikingly distinct comparing the as prepared samples 




was a result of the competition between crystallization and Si-O-Si bond formation during O-I hybrid 
formation. The latter is absent in recrystallization since at this point the silsesquioxane structures 
were fully formed. 
PCL39-PEG39/SS22 ternary O-I hybrid nanocomposites showed microscopic phase 
separation, in which phases were unambiguously attributed to PCL/SS and PEG/SS by means of TEM, 
EELS and ESI-TEM. However, in spite of PCL and PEG crystalline phases being physically separated 
(on the microscopic scale), mutual effects on their crystallization behaviour were observed, since 
PCL suffered from interfacial nucleation and PEG suffered from confinement effects. As a result, PCL 
crystallization was anticipated by approximately 20 °C in the ternary O-I hybrid, while PEG 
crystallization was delayed by approximately 12 °C in comparison with the binary PCL80/SS20 and 
PEG75/SS25, semicrystalline O-I hybrid nanocomposites. Finally, both the amorphous and 
semicrystalline O-I hybrid nanocomposites, irrespective of the organic moiety composition, showed 
a strong temperature-dependent and reversible scattering power variation, which is a consequence 
of Si-O-Si vibrations.  
In conclusion, the results showed a novel complex nanostructure in which at least four 
distinct phases are observed. However, in spite of the elevated number of phases and the intricate 
nanostructure found, results showed that, macroscopically, devices are uniform at the macroscale. 
The understanding of this complex nanostructure as well as of the temperature and crystallization 
effects on the overall morphology provides a basis for the development of functional biomedical 
devices with useful properties, such as enhanced flexibility and transparency, improved cell 
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